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Nomenclature  
 
A Area (cm2) 
C Capacitance (F) 
d Distance (mm) 
e Electron, electric charge of the electrons 
E Electromotive force (Volt) 
F Faraday’s constant  
H Hydrogen 
i Current (Ampere) 
I Current (Ampere) 
L Length (mm) 
M Molar concentration 
m Mass (g) 
N Avogadro’s number 
O Oxygen 
P Pressure (Pa) 
Q Electric charge ( C) 
R Resistance (Ω) 
t Time (s) 
T Temperature (K) 
Tg Glass transition temperature (°C) 
V Voltage (Volt);  Volume (cm3) 
W Electrical work (Watt) 
X Hydrogen storage material 
Gf Gibbs free energy of formation (J) 
gf Gibbs free energy of formation per mole (J/mol) 
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ρ Density (g/cm3) 
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Executive summary 
 
The overall aim of this project was to investigate experimentally for the first time the 
technical feasibility of integrating a metal hydride (MH) hydrogen material into a proton 
exchange membrane (PEM) unitised regenerative fuel cell (URFC). 
Unlike conventional MH systems where hydrogen produced in the electrolyser is transferred 
as a gas into a separate solid-state storage, this innovative concept focuses on integrating a 
MH storage electrode with a URFC that is undertaking the water splitting. In electrolyser 
mode (E-mode), hydrogen ions (protons) emerging from the membrane enter the solid 
storage directly and then react with electrons and storage material atoms to form a hydride 
without producing hydrogen gas. Then, in fuel-cell mode (FC-mode), protons coming out of 
the solid storage cross the membrane to form water molecules and electricity. 
This concept eliminates the intermediate steps of hydrogen gas production, storage, and 
recovery and hence has the potential to increase energy efficiency and ease of use. It also 
works like a battery being charged and discharged simply by connecting to a DC power 
source and load respectively. As a system based on this concept only needs the flow of water 
in charging mode and air in discharge mode, it can be called a ‘proton flow battery’. If such a 
system can be made to work efficiently and its costs are competitive, it would have numerous 
potential applications across many fields, including automotive, household, and remote area 
power supply. 
The specific objectives of the project are thus to: 
• Investigate theoretically and experimentally the concept of a URFC with an integrated 
MH storage as one electrode 
• Design an experimental system to prove the basic concept of a URFC with integrated 
MH storage 
• Measure the performance of the system in terms of round-trip energy efficiency and 
mass and volumetric energy density of the MH storage 
• Identify the most promising lines for future development and deployment of this 
concept. 
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The main research questions addressed in the project are: 
• Is the concept of a PEM URFC with an integrated MH storage electrode technically 
feasible? 
• What is the optimal physical form in such a system of the interface between 
membrane and alloy to allow passage of hydrogen ions and prevent water transport? 
• How do the mass and volumetric energy densities and round-trip energy efficiency of 
a hydrogen storage system of this kind compare with those of conventional MH 
storages, and NiMH batteries?  
• What are the potential advantages and disadvantages of this system compared with 
conventional methods of production and storage of hydrogen? 
The scope of this project was restricted to using a modified PEM-type URFC based on 
previous work done by Doddathimmaiah and Andrews (2009) in School of Aerospace, 
Mechanical, and Manufacturing Engineering (SAMME) at RMIT University. In addition in 
this project only one form of MH material was chosen from the currently available MH 
powders, so trying different types of MH material and development of new materials was 
beyond the scope of this project. 
This project has involved a combination of theoretical and experimental methods, although 
predominantly it has been an experimental investigation. Theoretical considerations included 
a preliminary investigation in order to develop the concept of the proton flow battery and 
establish a framework for required characteristics and experimental procedures. Theoretical 
analysis was also used to study and explain the experimental results obtained from the tests. 
Experimental methods used included fabrication of four MH electrodes, integrating the MH 
electrodes into four URFCs, testing the properties of the electrodes, and measuring the 
performance of the cells in electrolyser and fuel cell modes. 
To investigate experimentally the technical feasibility of the proton flow battery − that is, a 
PEM URFC with integrated MH electrode − four electrodes with different structures but 
made of the same MH material, an AB5 alloy obtained from UNSW, were designed and 
fabricated: 
1. The ‘MH-NiMesh electrode’: a mixture of the MH material and PTFE binder cold 
pressed onto a nickel substrate 
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2. The ‘MH Powder 1 electrode’: the MH powder cold pressed (with no binder) onto the 
Nafion membrane 
3. The ‘MH Powder 2 electrode’: the MH powder hot pressed (with no binder) onto the 
Nafion membrane 
4. The ‘MH-Nafion composite electrode’: a mixture of MH powder and Nafion solution 
formed into a solid composite, and then hot pressed onto the Nafion membrane. 
Each of these electrodes was integrated into a modified URFC and was tested in both 
operational modes: E-mode and FC-mode. The test results were used to determine if 
hydrogen was absorbed in E-mode of operation into the MH electrode, and if the electrical 
discharge capacity of the cells in FC-mode could be related to the hydrogen stored in the 
electrode. 
The MH-Nafion electrode had the best performance in E-mode with an estimated hydrogen 
storage capacity of 0.62 wt% H/M. The maximum hydrogen storage capacity of the MH 
material used was around 1.3 wt% H/M, which shows the first trial of this new composite 
electrode did achieve a reasonable hydrogen storage capacity at ambient pressure and 
temperature. The hydrogen storage capacities for the MH Powder 2 and MH Powder 1 
electrodes in E-mode were 0.15% and 0.07% respectively, so that some storage capacity was 
demonstrated, albeit limited in magnitude. The MH-NiMesh electrode did not show any signs 
of hydrogen storage in E-mode. 
All of the cells with integrated MH-material were capable of being discharged in FC-mode 
without the need for an external hydrogen gas source. Even after discharging for hours, 
unlike a normal URFC, the cells were still capable of generating an electromotive force 
(EMF).  
Mathematical analysis based on the experimental voltage-current curves after stepwise 
voltage changes showed that the contribution of protons stored by the double-layer 
capacitance effect to the discharge capacity the cells was negligible. This analysis made it 
possible to relate the discharge capacity of the cells to the hydrogen stored in the MH 
electrode.  
However, only one of the cells, the one with the MH Powder 1 electrode, was able to use all 
of the hydrogen stored in the MH electrode in FC-mode. This cell had the best discharge 
xvii 
 
capacity, with an equivalent hydrogen storage capacity of 0.065 wt%, which was almost the 
same as its storage capacity of 0.07 wt% in E-mode. Hence this electrode showed a high level 
of reversibility. The discharge capacities for the MH Powder 2 and MH-Nafion electrodes 
were 0.01 wt% and 0.007 wt% respectively, which were very low compared to that for the 
MH Powder 1 electrode, and also much lower than their own storage capacity in E-mode 
(0.15 and 0.62 wt% respectively). These results show that although these electrodes have 
better hydrogen storage performance in E-mode, they were nowhere near fully reversible in 
their present forms. These results are summarised in Table E1. 
Table E1: Hydrogen storage and discharge capacity of the tested MH electrodes 
Electrode MH-NiMesh MH Powder 1 MH Powder 2 MH-Nafion 
E-mode hydrogen storage capacity 
(cm3) 0 5 10 42 
FC-mode hydrogen discharge capacity 
(cm3) 0.2 4.6 0.7 0.5 
E-mode hydrogen storage capacity 
(mg) 0 0.449 0.898 3.77 
FC-mode hydrogen discharge capacity 
(mg) 0.018 0.413 0.063 0.045 
Electrode MH Content (mg) 583 633 612 609 
Storage capacity (H/M) 
0.000% 0.071% 0.147% 0.619% 
Discharge capacity (H/M) 
0.003% 0.065% 0.010% 0.007% 
 
These results provide initial confirmatory evidence that the concept of a PEM URFC with an 
integrated MH storage electrode is technically feasible, though a great deal of additional 
research is still required to improve the performance of the experimental cells investigated in 
this project in terms of storage capacity and reversibility. 
The issue of water transport from oxygen side of the URFC into the MH electrode on 
hydrogen side in E-mode was considered as a potential problem at the beginning of this 
project. During the course of the studies, however, it was found that water movement into 
electrode cannot be suppressed in the four preliminary designs trialled in this project. Protons 
are transported attached to water molecules in the form of hydronium ions (or ions of higher 
coordination number, that is, more than one water molecule per proton) through the Nafion 
membrane and into the storage electrode, rather than as individual protons. 
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For the URFC with MH-NiMesh electrode, where the electrode was cold pressed over the 
Nafion membrane, hydrogen gas generation and water transport in E-mode were observed. 
These effects also occurred with the MH Powder 1 electrode where the MH powder was cold 
pressed over the Nafion membrane. 
In the URFC with the MH Powder 2 electrode, where the powder was hot pressed over the 
Nafion membrane, the rates of hydrogen gas generation and water transport were less than 
the MH-NiMesh and MH Powder 1 electrodes, 17% and 8% less respectively. This hot 
pressing also improved the hydrogen absorption capacity of this electrode, which suggests 
hot pressing improves the direct passage of the hydrogen ions into the MH electrode and 
decreases the hydrogen gas generation and water transport. However, it was not enough to 
stop the water transport totally. 
In the URFC with the MH-Nafion electrode, where the voids inside the MH powder were 
almost completely filled by Nafion and the electrode was hot pressed onto the membrane, the 
storage electrode had the best performance in terms of direct absorption of hydrogen ions 
without generating a lot of hydrogen gas, and also at the same time decreased the water 
transport. Although the amount of water collected on the hydrogen side at the end of E-mode 
was less than the others for this electrode, this design also was not able to completely stop the 
transport of water. 
Although during the course of this study it was found that the presence of water in the storage 
electrodes of the particular experimental cells tested did not affect performance significantly, 
the MH-Nafion electrode design and hot pressing of the electrode over Nafion membrane are 
recommended for decreasing the rate of water transport and improving the direct hydrogen 
ions ingress into the hydrogen storage electrode. 
The highest storage capacity gained in E-mode was 0.62 wt% H/M for the MH-Nafion 
electrode, which is half of the hydrogen storage capacity of this hydride when used in 
conventional hydrogen gas storage systems or NiMH batteries. It should be noted that this 
capacity was achieved after more than 24 hours of running the experiment in E-mode and 
may not represent the maximum achievable capacity for such electrode. However, this is a 
relatively high storage capacity considering that the cell was not pressurised and was working 
under atmospheric pressure and ambient temperature. 
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In spite of the relatively high level of hydrogen absorption in E-mode of this cell, not all of 
the stored hydrogen could be used reversibly in FC-mode: while the storage capacity was 
0.62 wt% in E-mode, it was effectively only 0.007 wt% in the FC-mode discharge. The 
maximum reversible capacity out of all the electrodes tested in this project was 0.065% H/M, 
for the MH Powder 1 electrode, which was still very low compared to the 1.3 wt% H/M for 
the hydride used when charged under pressure with hydrogen gas. However, it should be 
noted that to charge to 1.3 wt% in a reasonable time, higher gas pressures of 5 – 10 bar are 
needed, even though the plateau pressure at ambient temp is only 1.5 bar. 
The rate of water electrolysis in the cells with a MH electrode was also lower than that in a 
normal URFC, and hence so was the rate of hydrogen absorption. The 0.62% H/M storage in 
E-mode took more than 24 hours to take place while being charged at around 2 V, which is a 
relatively high voltage compared to Ni-MH batteries with charge voltages of 1.4-1.6 V. In 
addition, the cells showed high internal resistance in FC-mode and their generated currents 
and voltages were relatively low compared to a normal URFC. This suggests the efficiency of 
these first cell and electrode designs at this stage are not comparable with conventional 
systems. 
Nevertheless, this is not a conclusive answer to this question and only reflects the hydrogen 
storage capacity of the designs tested in this project. The limitations of current design include 
the irreversibility issue in FC-mode and the charge rate in E-mode, both of which clearly 
need improvement. New designs in future may get to higher reversible energy densities and 
higher absorption rates. Hence further research will be needed to see if truly competitive 
hydrogen storage capacities and roundtrip energy efficiencies can be achieved with the proton 
flow battery concept. 
At this stage, the efficiency of the system is not as high as conventional systems. However, 
the experimental results in this project have provided evidence that this concept is technically 
feasible, and that there are good prospects for improving performance in the future based on 
the finding of this study. 
Based on the studies, some of the potential advantages of the proton flow battery system, if 
its full potential can be attained through future development, were also identified: 
• The intermediate steps of hydrogen gas generation and external storage compared to 
conventional hydrogen gas storage systems, and the reverse steps in fuel cell mode of 
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getting the hydrogen gas out of the storage, reducing its pressure, splitting hydrogen 
molecules into atoms and then H+ ions and electrons, are eliminated, thus potentially 
increasing overall higher round-trip efficiency. 
• Production of protons for storage can continue as long as water is being supplied, and 
the protons produced can be accommodated in the solid-state storage electrode, 
making it a flow battery potentially able to store more energy per unit volume and 
mass than a conventional battery. 
• The capacity of the system can be increased by simply just increasing the amount of 
storage material on the hydrogen side of the cell without the need for increasing the 
size of the membrane or oxygen electrode. By directly injecting protons into a solid-
state storage electrode it may be possible to attain much higher levels of hydrogen 
storage than are possible at the same prevailing pressure (that is, ambient) if gaseous 
hydrogen injection were employed. 
However, these must be regarded as preliminary findings and much further work is needed to 
realise the full potential of the concept. 
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1. Introduction 
1.1 Background 
Climate change, pollution, and energy security have been the main driving forces for 
research, development, and commercialisation of renewable energy technologies over the 
past four decades (2012). In 2010 renewable energies supplied around 16.7% of global 
energy consumption (McCrone et al. 2012). As shown in Figure 1, this includes traditional 
biomass, which is used for cooking or heating in rural areas, and modern renewables 
comprising hydropower, wind, solar, geothermal, biofuels, and modern biomass. 
 
 
Figure 1: Renewable energy share of global energy consumption in 2010 (REN21, 2012) 
 
Between 2006 and 2011, total installed capacity of many renewable energy technologies rose 
rapidly (Figure 2). Solar photovoltaic (PV) had the fastest growth of all technologies during 
this period, with the installed capacity increasing on average 58% annually.  
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Figure 2: Average annual growth rate of renewable energy capacity and biofuel production, 
2006 – 2011 (REN21, 2012) 
The natural intermittency of various forms of renewable energy, especially solar, is the main 
challenge that needs to be addressed satisfactorily in order to introduce reliable renewable 
energy systems for either stationary or transport applications. This challenge includes 
introduction of cost-effective and reliable energy storage devices and fuels. Energy storage 
technologies include hydrogen, batteries, flywheels, superconductivity, ultra-capacitors, 
pumped hydro, and compressed gas (Turner 1999). 
Hydrogen has since early 1970s been considered as one of the most promising alternative 
fuels for the future (Andrews & Shabani 2012). Hydrogen has a relatively high heating value, 
non-polluting by-products (simply water vapour), and it is possible to use hydrogen produced 
from renewable energies in a closed cycle. Technical challenges associated with storing 
hydrogen are often considered as a barrier to the introduction of a renewable energy economy 
based on hydrogen for energy storage. Hydrogen can be stored as pressurised gas, cryogenic 
liquid, and as chemical or physical combination with materials, such as metal hydrides 
(Sakintuna et al., 2007; US DoE 2009; Askri et al., 2009). Current hydrogen storage 
technologies still have gravimetric (hydrogen energy stored per unit mass) and volumetric 
(energy per unit volume) densities well below the targets set for their deployment in 
hydrogen fuel vehicles. 
Solid-state hydrogen storage in metal hydrides (MH) has many inherent advantages such as 
potentially high energy storage densities and safety. However, the best performing metal 
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hydride storage is still reported as having a gravimetric energy density of  0.47 kWhe/kg 
compared to the US DoE target for 2015 of 1.08 kWhe/kg (US DoE, 2009; Andrews, 2011). 
In addition, currently-available metal hydrides are very costly since they utilise scarce and 
costly rare earth elements in making the alloys required. Another inhibiting factor for using 
hydrogen storage systems is the relatively low round-trip energy efficiency when going from 
electricity-in to electricity-out – typically 40-45% via electrolyser, gas storage unit, and fuel 
cell – compared to batteries at 70-80%, although the comparison swings back in favour of 
hydrogen as the duration of the storage is increased (Gray et al., 2011). 
In conventional MH systems hydrogen produced in the electrolyser is transferred as a gas into 
a separate solid-state storage. The present project, however, will focus on an innovative 
concept of integrating a MH storage electrode into a unitised regenerative fuel cell (URFC) 
that is undertaking the water splitting. In this concept, a solid hydrogen storage electrode is 
integrated into a single Proton Exchange Membrane (PEM) cell that can operate reversibly as 
an electrolyser to split water or as a fuel cell to generate electricity, that is, a unitised 
regenerative fuel cell (URFC) (Doddathimmaiah and Andrews, 2008, 2009). In electrolyser 
mode, hydrogen ions (protons) emerging from the membrane enter the solid storage directly 
and then react with electrons and storage material atoms to form a hydride without producing 
hydrogen gas. Then, in fuel-cell mode, protons coming out of the solid storage cross the 
membrane to form water molecules and electricity. 
This concept eliminates the intermediate steps of hydrogen gas production, storage, and 
recovery and hence increases efficiency and ease of use. It also works like a battery being 
charged and discharged simply by connecting to a DC power source and load respectively. 
As a system based on this concept only needs the flow of water in charge and air in discharge 
mode, it can be called a ‘proton flow battery’ with numerous potential applications across 
many fields. 
1.2 Aim and objectives 
The overall aim of this research project is thus to study the concept of integrating a solid-state 
metal hydride electrode and a unitised regenerative fuel cell into a single system, and 
investigate its performance as a reversible store for electrical energy.  
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The specific objectives of the project are to: 
• Investigate theoretically and experimentally the concept of a URFC with an integrated 
metal hydride storage as one electrode 
• Design an experimental system to prove the basic concept of a URFC with integrated 
MH storage 
• Measure the performance of the system in terms of round-trip energy efficiency and 
mass and volumetric energy density of the MH storage 
• Identify the most promising lines for future development and deployment of this 
concept. 
1.3 Research questions  
The main research questions addressed in the project are the following: 
• Is the concept of a PEM URFC with an integrated MH storage electrode technically 
feasible? 
• What is the optimal physical form in such a system of the interface between 
membrane and alloy to allow passage of hydrogen ions and prevent water transport? 
• How do the mass and volumetric energy densities and round-trip energy efficiency of 
a hydrogen storage system of this kind compare with those of conventional MH 
storages, and NiMH batteries?  
• What are the potential advantages and disadvantages of this system compared with 
conventional methods of production and storage of hydrogen? 
1.4 Outcomes 
The expected outcomes at the beginning of this project were the following: 
• An operational experimental system that is able to demonstrate  for the first time the 
technical feasibility of the concept of a ‘proton flow battery’, 
• A number of detailed designs for a reversible fuel cell with an integrated hydrogen 
storage electrode 
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• Experimental data on hydrogen storage capacities and roundtrip energy efficiency of 
these experimental cells 
• An improved understanding of the main processes that take place in a proton flow 
battery  
• Recommendations for further development of this concept based on these 
investigations. 
1.5 Scope 
The scope of this project was restricted to using a modified PEM-type URFC based on 
previous work done by Doddathimmaiah and Andrews (2009) in School of Aerospace, 
Mechanical, and Manufacturing Engineering (SAMME) at RMIT University. The cells were 
made of Nafion membrane with an active cell area of 5 cm2. 
In addition in this project only one form of MH material was chosen from the currently 
available MH powders, so trying different types of MH material and development of new 
materials was beyond the scope of this project. 
Although other hydrogen storage materials can be considered for integration with a URFC, 
metal hydrides were chosen in this project, for the first trial of proton flow battery, as they 
have proven hydrogen storage capabilities at reasonable temperatures and pressures and 
without the need for complicated apparatuses to maintain those working conditions. MH 
materials are also commercially available and are in form of solid powders and are easy to 
handle and work with. An overview of the metal hydrides and their characteristics will be 
provided in Chapter 3. The details of the MH material used in this project will be provided in 
Chapter 4. 
A literature review (provided in Chapter 3) revealed that the MH materials can be integrated 
with reversible alkaline fuel cells. However, the alkaline cells with solid membranes have 
lower conductivities compared to acid based PEMs like Nafion. It was also decided to focus 
on Nafion based PEM URFC in this project as they work at relatively low temperatures in the 
range of 30 – 80ºC and do not have the issue of electrolyte concentration control as long as 
they are kept hydrated by providing water in E-mode. 
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This project seeks to demonstrate the technical feasibility of the proton flow battery concept, 
rather than to develop an optimised system in terms of efficiency and life-span, or a pre-
commercial prototype. 
1.6 Guide to thesis 
Chapter 2 provides an overview of the rationale behind the decisions made in terms of the 
type of the materials, designs, and experimental methods used in this preliminary 
investigation of the ‘proton flow battery’ concept. 
Chapter 3 is dedicated to a brief study of the metal hydrides, regenerative fuel cells, and 
Nafion proton exchange membrane as the basis of the proposed proton flow battery. The 
concept of proton flow battery, literature review of the works done in the same field, and 
benefits of this new system are also provided in detail in this chapter. 
In chapter 4, the properties and characteristics of the materials used for constructions of 
experimental URFCs with integrated MH material are provided. This chapter also includes 
the details of the design and processes used for construction of the experimental cells. 
In chapter 5, the setup and procedure used for experimental investigation of the manufactured 
cells are explained first. Then the results of these tests are reported in this chapter. This 
chapter also includes a brief description of the main features of the test results for each cell in 
both operational modes, that is electrolyser mode (E-mode) and fuel cell mode (FC-mode). 
In chapter 6, the results of the tests for various cells and designs are analysed in detail and are 
also compared with each other to identify the best design and manufacturing procedure. Some 
tentative hypotheses are also provided to explain the observed behaviour of the various cells 
in both operational modes. 
Chapter 7 includes the summary of the findings and answers to research questions as well as 
recommendations for future study and development of proton flow batteries based on the 
findings in this project. 
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2. Method 
2.1 Introduction 
This chapter briefly describes the method employed to achieve the objectives set for the 
research project and address the research questions. Section 2.2 describes the main features of 
this method, and section 2.3 lists the main activities conducted to meet each objective. 
2.2 Main features of method 
This project has involved a combination of theoretical and experimental methods, although 
predominantly it has been an experimental investigation. 
Theoretical considerations included a preliminary investigation in order to develop the 
concept of the proton flow battery and establish a framework for the required characteristics 
and experimental procedures, including: 
• Eliminating unnecessary energy conversion steps from the usual hydrogen energy 
storage system to reduce entropy increases in the overall charge – discharge cycle and 
thereby increase the roundtrip energy efficiency 
• The requirement for the hydrogen storage electrode to be both a good electron 
conductor and a good proton conductor. 
Theoretical analysis was also used to study and explain the experimental results obtained 
from the tests, including interpretation of V-I-t curves, and estimation and interpretation of 
hydrogen evolution, maximum currents attained, hydrogen stored in electrodes, hydrogen 
discharged from electrodes, and electrical energy supplied in fuel cell mode. This analysis 
involved considering the electrochemical reactions involved in the process of water 
electrolysis, hydrogen absorption in MH, and fuel cell mode. 
The main theoretical analysis of the results obtained is provided in Chapter 6. 
Experimental methods used included fabrication of four MH electrodes, integrating the MH 
electrodes into four URFCs, testing the properties of the electrodes, and measuring the 
performance of the cells in electrolyser and fuel cell modes. 
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The design of the MH electrodes was based on trying the simplest options first and then, 
based on the results, proposing and trying more complicated designs for improving the 
performance. The design of these electrodes was also studied by scanning electron 
microscopy (SEM). The electrical electron conductivity of the electrodes was measured by 
the four-wire method. 
To investigate the feasibility of integrating MH electrode into a PEM URFC, the most 
important feature to be tested was estimating the hydrogen absorption by the MH electrode in 
E-mode and desorption in FC-mode. For this purpose, the variations of current and voltage 
over time were recorded using a digital data logger and any generated hydrogen gas in 
electrolysis mode was collected as well as oxygen gas using simple gas collection cylinders. 
Recording the variations of current and voltage and the amount of generated hydrogen and 
oxygen for the cells over time was the only method used for investigating the electrochemical 
performance of the cells and all the conclusions are based on these measurements and related 
mathematical analyses based on theories. 
The details of the experimental procedures followed are provided in Chapter 5. 
2.3 Activities 
The main activities conducted to achieve the objectives of the project are summarised below 
for each objective.   
Objective 1: To investigate theoretically and experimentally the concept of a URFC with an 
integrated MH storage as one electrode: 
• Literature review to identify the work done by others in the same field 
• Identifying the chemical reactions involved 
• Designing four experimental URFCs with integrated MH electrode (see Objective 2 
below) 
• Testing the URFCs with integrated MH electrode in successive charge/discharge cycles 
• Analysing the test results using different mathematical methods and theories 
• Making conclusion based on the results. 
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Objective 2: To design an experimental system to prove the basic concept of a URFC with 
integrated MH storage: 
• Selecting the materials based on theoretical studies 
• Manufacturing four MH electrodes 
• Integrating the MH electrodes into URFCs designed under objective 1 
• Setting up an overall experimental test rig comprising a variable DC power supply, a 
digital data logger, two gas collection cylinders, and a variable ohmic load. 
 
Objective 3: To measure the performance of the system in terms of round-trip energy 
efficiency and mass and volumetric energy density of the MH storage: 
• Analysing the test results for four manufactured URFCs 
• Estimating the hydrogen storage capacity of the cell in both operational modes 
(charge/discharge) 
• Analysing performance of the cells in term of their reversible hydrogen storage 
capacity. 
Objective 4: To identify the most promising lines for future development and deployment of 
this concept: 
• Conclusions made based on the experimental test results 
• Analysing the performance of the cells and explaining the results using tentative 
hypotheses 
• Identifying the lines for future study and research based on this analysis. 
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3. Metal hydrides, reversible fuel cells, and the proton flow 
battery  
3.1 Introduction 
A review of MH materials and their characteristics is first presented in this chapter (section 
3.2). Then an overview of URFCs, their operational theories, and characteristics is provided 
as the background for the development of the proton flow battery concept (section 3.3). In the 
final section (3.4), the concept of the proton flow battery – that is, integration of MH material 
in a solid electrode as an integral part of a URFC – is presented, and its potential benefits are 
explained in more detail. A literature review of the research work done in related fields is 
also given in section 3.4. 
3.2 Metal hydrides 
Metal hydride materials have been investigated extensively since late the 1960s as an 
alternative to conventional hydrogen storage methods including cryogenic and compressed 
hydrogen (Reilly & Wiswal 1968; Van Vucht et al. 1970; Hoffman et al. 1976). Over the 
years new metal and alloy materials have been developed with improved characteristics in 
terms of hydrogen gas absorption capacity. These metallic compounds are generally 
engineered to store hydrogen input as a gas at different pressures and temperatures.  
Metals, inter-metallic compounds and alloys generally react with hydrogen and form metal-
hydrogen compounds. Inter-metallic compounds are a mixture of rare and transition metals 
and form hydrides, in the simplest form, an ‘ABH’ structure. ‘A’ here represents a rare earth 
or alkaline earth metal, and ‘B’ represents a transition metal. 
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Figure 3: Periodic table highlighting alkaline (A) and transition (B) metals (IUPAC 2012) 
Rare earth and alkaline earth metals form strong hydrides and require high temperatures 
(120-200°C) to release their hydrogen content (Fukai 2005). On the other hand, transition 
metals form weak hydrogen bonds, and are usually unstable and need high pressures to 
contain their hydrogen content (Fukai 2005). Neither high pressure for storage nor high 
temperature for retrieval of hydrogen is desired, as it means an energy penalty in the storage 
process and technological complications. An ideal storage system should be able to work as 
near ambient temperatures and pressures as possible. 
The inter-metallic compounds in the form of ‘AB’ are able to release their hydrogen content 
at lower temperatures and yet are stable enough to work under lower pressures. They 
predominantly have metallic characteristics and are usually referred to as metallic hydrides. 
They are good conductors of electricity and possess a metallic or graphite-like appearance 
(Fukai 2005). 
The stability of a hydride is measured by its heat of formation. Heat of formation is defined 
as the enthalpy change due to the formation of the hydride from the reaction of 1 mol of H2 
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gas with a metal (Figure 4). The activation energy in this process is the initial energy required 
for dissociation of hydrogen molecules and formation of hydrogen atom before they can react 
with metal atoms. 
 
Figure 4: Illustration of activation energy and heat of hydride formation 
Figure 5 shows a schematic representation for absorption of hydrogen gas and formation of 
metal hydride. First, hydrogen gas molecules approach metal atoms and are attracted to the 
metal surface by Van Der Waals forces once they are close to the surface (Figure 5-1). After 
overcoming the activation barrier, hydrogen molecules split into hydrogen atoms (Figure 5-2) 
and then form bonds with metal atoms on the surface. 
Hydrogen atoms sharing their electron with the metal atoms at the surface are in the 
chemisorbed state (Figure 5-3). At this stage (α-phase) the hydrogen to metal ratio (H/M) is 
less than 0.1. In the next step the chemisorbed hydrogen atom can jump through the 
subsurface layer and finally diffuse into the host metal lattice to occupy interstitial sites 
(Figure 5-4). 
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Figure 5: Schematic representation of hydrogen gas absorption in metals. 
As the concentration of hydrogen increases, the host metal lattice expands and hydrogen 
atoms penetrate deeper into metal particles till a maximum concentration is achieved (β-
phase) (Zuttel et al. 2008). The volume expansion between the α- and the β-phase is around 
10 to 20% of the volume of metal lattice. This expansion causes a large stress built up and 
often leads to breaking of brittle intermetallic compounds. After cycles of hydrogen 
absorption, the final hydride becomes a powder with a typical particle size of 10 to 100 μm 
(Zuttel et al. 2008). 
Figure 6 shows a typical Pressure-Composition-Temperature (PCT) curve for a metal 
hydride. The horizontal axis represents the ratio of hydrogen to metal atoms, also called the 
hydrogen/metal (H/M) ratio, and the vertical axis represents the hydrogen gas pressure. For a 
given pressure, the hydrogen concentration increases on the transition from α-phase to the β-
phase at an almost constant temperature.  
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Figure 6: Pressure composition isotherms for the hydrogen absorption in a typical 
intermetallic compound (Zuttel et al., 2008). 
By decreasing the pressure, metal hydrides release the stored hydrogen. The only concern is 
that as the absorption of hydrogen is usually an exothermic reaction, the reverse reaction for 
hydrogen gas release is endothermic and the same heat has to be provided to the metal 
hydride to desorb the hydrogen. If the plateau temperature of the hydride is below room 
temperature, the environment can provide this energy.  If not, external heating is needed. The 
optimum thermodynamic properties for working near room temperature and pressure are 
important for the development of practical hydrides. 
In addition to working pressure and temperature, other desirable properties of metal hydrides 
include high storage capacity, easy activation, high resistance to corrosion, favourable kinetic 
performance, and low cost (Zhao & Ma 2009). In practice, it is hard to achieve all these 
properties in a single alloy system, but using a mixture of various materials makes this easier. 
Such a composite hydrogen storage alloy contains two or more hydrogen storage alloys, or a 
hydrogen storage alloy and another intermetallic compound (Yang et al. 1998). 
AB5 and AB2 type alloys are the two usually employed hydrogen storage alloys. Each one has 
its own advantages, such as easy activation with AB5 and high storage capacity with AB2. 
The maximum hydrogen storage capacity of metal hydrides, at a given pressure and 
temperature, is often expressed by the ratio of the mass of stored hydrogen to the mass of the 
metallic alloy. The hydriding properties of some of these materials are summarised in Table 
1. 
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Table 1: Hydrogen absorption/desorption properties of some intermetallic compounds 
(Sakintuna et al. 2007) 
Material Temperature (°C) Pressure (bar) Max wt% of H2 
MgS Tabs: −196 Pabs: 50 0.5 
La0.90Ce0.05Nd0.04Pr0.01Ni4.63Sn0.32 Tabs and Tdes: 100, 25 
Pabs: 5–10 
Pdes: 0.24 
0.95 
Zr(Cr0.8Mo0.2)2 Tabs: 120 Pabs: 30 0.99 
Ml0:85Ca0:15Ni5 Tdes: 25 Pdes: 10 1.1 
LaNi4.8Sn0.2 Tdes and Tabs: 80 Pdes: 3–4 1.16 
La0.55Y0.45Ni5 Tdes: −20 Pdes: 3.5 1.3 
Ti0.9Zr0.15Mn1.6Cr0.2V0.2 Tdes: 25 Pdes: 10 1.3 
MmNi4.6Al0.4 Tabs and Tdes: 25 Pdes: 25 1.3 
MmNi4.6Fe0.4 Tabs and Tdes: 25 Pabs: 35 1.44 
Ml0.75Ca0.25Ni5 Tabs: 20 
Pabs: 100 
Pdes: 6.8 
1.45 
80 wt% TiCr1.1V0.9–20 wt% LaNi5 Tabs and Tdes: 30 
Pabs: 17 
Pdes: 0.5 
1.5 
Ti0.97Zr0.03Cr1.6Mn0.4 Tabs: 20 
Pabs: 100 
Pdes: 81 
1.55 
La0.7Mg0.3Ni2.65Mn0.1Co0.90 Tabs and Tdes: 30 
Pabs: 5 
Pdes: 0.33 
1.56 
Zr0.75Ti0.25Cr1.5Ni0.5 Tabs: 40 Pabs: 47 1.75 
Ti1.1CrMn Tabs and Tdes: 23 
Pabs: 33 
Pdes: 1 
1.8 
FeTi Tabs: 25 Pabs: 100 1.92 
V–7.4%Zr–7.4%Ti–7.4%Ni Tabs: 40 
Pabs: 10 
Pdes: 1 
2 
V0.375Ti0.25Cr0.30Mn0.075 Tabs and Tdes: 30 
Pabs: 50 
Pdes: 0.2 
2.2 
Ti45Zr38Ni17 Tabs: 300 Pabs: 80 2.23 
Ti–V–Cr Tabs and Tdes: 40 Pabs: 100 2.8 
Ti–10Cr–18Mn–27V–5Fe Tabs: 60 
Pabs: 30 
Pdes: 1 
3.01 
Ti–10Cr–18Mn–32V Tabs: 60 
Pabs: 30 
Pdes: 1 
3.36 
TiCr1.1V0.9 Tabs and Tdes: 30 
Pabs: 17 
Pdes: 0.5 
3.5 
Ti43.5V49Fe7.5 
Tabs: −20 
Tdes: 300 
Pabs: 100 
Pdes: 10 
3.9 
Ti–V–Cr–Mn Tdes: 247–472 
Pabs: 30 
Pdes: 0.03 
3.98 
La1.8Ca0.2Mg14N13 Tabs and Tdes: 27–327 
Pabs: 40 
Pdes: 1 
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An important disadvantage for practical applications of these materials at ambient 
temperature and pressure is their relatively low energy density per unit mass. For instance, 
the hydrogen capacity of the most popular LaNi5-based alloys operating at moderate 
temperature does not exceed 1.4 wt% (Sakintuna et al. 2007). 
Figure 7 shows the hydrogen storage capacity of a wide range of metal hydrides, at their 
working temperatures, and also hydrogen storage capacities of some competing storage 
materials, including chemical hydrides, ammonia borane (also labelled AB), and sorbents. 
 
Figure 7: Hydrogen storage capacity as a function of temperature (US DoE Hydrogen and Fuel 
Cells Program, 2010 Progress Report). 
As shown in this chart, the hydrogen storage capacities of metal hydrides and their working 
temperatures are still far from the targets set by the US Department of Energy (DoE) for 
introduction of these systems as an energy storage method, particularly for automotive 
applications. 
Study of the other hydrogen storage methods like chemical hydrides, though potentially 
promising for the future, is beyond the scope of this project. 
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A commercially available AB5 alloy is used in this project for preliminary investigation of the 
concept of proton flow battery. The characteristics and properties of the material used will be 
discussed in chapter 4. It is important to note though that other types of metal hydride, and 
indeed other solid-state hydrogen storage materials, also deserve investigation in the future as 
candidates for use in a proton flow battery. 
3.3 Unitised regenerative fuel cells  
3.3.1 Overview 
A fuel cell is a device that converts the chemical energy of a fuel directly into electricity and 
heat. There are different fuel cell types available that utilise different fuels and materials. 
Hydrogen is the most common fuel, but other fuels like natural gas and methanol are also 
used. Based on the used fuels and materials, fuel cells are divided into five main types 
(Larminie & Dicks 2003):  
• Proton Exchange Membrane (PEMFC), 
• Alkaline (AFC), 
• Phosphoric Acid (PAFC), 
• Molten Carbonate (MCFC), 
• and Solid Oxide Fuel Cell (SOFC). 
PEM cells have the advantage of working at lower temperatures (<100°C) and having a solid 
membrane instead of liquid electrolyte (Badwal et al. 2006). 
For a fuel cell that uses hydrogen as fuel, electrolysis is the reverse reaction of using 
electricity to generate hydrogen from water. A URFC is a single device that can work either 
as an electrolyser or fuel cell (Doddathimmaiah & Andrews 2009). 
The focus of the current project is on a PEM URFC with a membrane made of Nafion, since 
PEM fuel cells and electrolysers work at near ambient temperatures and pressures, and are 
becoming the favoured technology for both mobile and stationary applications of hydrogen 
energy storage systems. 
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3.3.2 URFCs 
URFCs use electricity in electrolyser mode (E-mode) to split water into gaseous hydrogen 
and oxygen. In fuel cell mode (FC-mode), they use hydrogen and oxygen to generate 
electricity. A schematic of a URFC is shown in Figure 8, which also shows the chemical 
reactions taking place in E-mode and FC-mode. 
 
Figure 8: Schematic of a URFC and chemical reactions in E-mode and FC-mode 
(Doddathimmaiah & Andrews 2008) 
In E-mode, the power supply provides the energy in form of electricity to split water into 
hydrogen ions, electrons, and oxygen. 
H2O → 2 H+ + 2 e- + ½ O2                   Eq. 1 
The solid membrane in this cell only allows the transport of protons (H+ ions) and separates 
the oxygen side from the hydrogen side. On hydrogen side, protons react with the electrons 
provided by the power supply to form hydrogen molecules. 
2H+ + 2 e− → H2                    Eq. 2 
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In FC-mode, the reverse reactions take place and the electrons go through the load and 
generate electricity. The following equations describe these reactions in FC-mode: 
H2 → 2 H+ + 2 e−                   Eq. 3 
½ O2 + 2 e− +2 H+ → H2O                    Eq. 4 
These reactions take place in the electrodes of the cell. The electrodes provide the medium 
for transport of electrons, water, oxygen, and hydrogen gas. All of these chemical reactions 
also need a catalyst to assist their progress. Figure 9 shows a schematic view of oxygen and 
hydrogen electrodes of a PEM URFC. 
 
Figure 9: Schematic of the catalysts and electrodes of a URFC 
The oxygen-side catalyst layer of a URFC usually includes a mixture of catalyst materials 
because of the difficulty in finding a single material that works well in both E and FC-modes. 
On the contrary, hydrogen dissociation catalysts also function well for hydrogen evolution, so 
a single catalyst can be employed on the hydrogen side. Doddathimmaiah and Andrews 
(2009) studied a range of different materials as catalysts for URFCs. They have shown that 
platinum (Pt) has the best performance in the range of tested materials to be used on 
hydrogen side, and a mixture of platinum and iridium oxide (Pt-IrO2) the best on the oxygen 
side. Ranjbari et al. (2010) showed that a mixture of Pt-Ir is a better catalyst for oxygen side 
of the PEM URFCs compared to pure Pt or Ir. Grigoriev et al. (2010, 2011) also showed that 
among various Pt–Ir compositions, the best URFC current–voltage performances are obtained 
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with structures made of two adjacent porous layers, a first one made of Ir (50 wt%) in direct 
contact with the membrane and a second one made of Pt (50 wt%) coated over the first one. 
Trying different catalysts on the oxygen electrode of the URFC is beyond the scope of this 
project. The URFCs used in this project were manufactured based on the results reported by 
Doddathimmaiah and Andrews (2009). The detailed specifications of these URFCs are 
provided in chapter 4. 
3.3.3 Open circuit and operational voltages 
In a fuel cell, the energy obtained from conversion of hydrogen and oxygen into water 
provides the energy required for powering the load. This energy is called the Gibbs free 
energy of formation, ΔGf, which can be written as the difference between Gibbs free energy 
of the reaction products and Gibbs free energy of the reaction reactants. Gibbs free energy 
change is negative in FC-mode (exothermic reaction) and positive in E-mode (endothermic 
reaction) (Larminie & Dicks 2003): 
ΔGf = ΔGf (products) – ΔGf (reactants)                Eq. 5 
However, the Gibbs free energy of formation is not constant and changes with temperature 
and state (liquid or gas). The energy of formation of liquid water at 25°C is (Larminie & 
Dicks 2003): 
Δgf = -237.2 kJ/mol                                   Eq. 6 
The negative sign indicates that the process of forming water is exothermic in nature. 
To relate this energy to the voltage of the cell, it is compared with the energy required for the 
flow of electrons in the cell. In FC-mode, two electrons pass round the external circuit for 
each molecule of hydrogen used and for each water molecule produced. 
Hence for one mole of hydrogen consumed, 2N electrons go through the external circuit, 
where N is Avogadro’s number. Therefore the charge flow around the circuit is –2Ne 
coulombs where ‘-e’ is the electric charge of the electrons (-1. 6021766 x 10-19 C). This can 
also be expressed by Faraday’s constant (F): 
−2𝑁𝑒 = −2𝐹                   Eq. 7 
21 
 
𝐹 = 96485.3365 C/mol                 Eq. 8 
Faraday’s constant is the magnitude of electric charge per mole of electrons, that is, the 
charge on an electron multiplied by Avogadro’s number. 
The electrical work done in moving this charge round the circuit is: 
𝑊 = 𝑐ℎ𝑎𝑟𝑔𝑒 × 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 = −2𝐹𝐸                Eq. 9 
where E is the voltage of the cell.  
If the system is reversible (or has no losses), then this electrical work done will be equal to 
the Gibbs free energy released (Larminie & Dicks 2003): 
∆𝑔𝑓 = −2𝐹𝐸                            Eq. 10 
𝐸 = −∆𝑔𝑓
2𝐹
                            Eq. 11 
This equation allows us to calculate the electromotive force (EMF) or reversible open circuit 
voltage of the hydrogen fuel cell. 
As mentioned before, the energy of formation of water changes with the temperature and 
state (liquid or gas). The open circuit voltage of a hydrogen fuel cell at 25°C and 1 
atmosphere pressure, with liquid water as product is: 
𝐸 = −∆𝑔𝑓
2𝐹
= 237.2 𝑘𝐽/𝑚𝑜𝑙
2×96485 𝐶/𝑚𝑜𝑙 = 1.229 𝑉                        Eq. 12 
These calculations do not consider irreversibility effects. In practice even the open circuit 
voltage is found to be lower than the reversible value. Open circuit voltage is the voltage 
generated by the cell when it is not connected to the load and hence the current is zero, as 
typically in the range of 0.9 – 0.95 V. 
A typical plot of voltage against current is shown in Figure 10. This is a representative curve 
for evaluation of fuel cell performance and is known as ‘polarisation curve’ 
(Doddathimmaiah & Andrews 2009).  
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Figure 10: A typical polarisation curve for a hydrogen fuel cell (modified from 
Doddathimmaiah & Andrews 2009) 
This curve shows the difference between the voltage that would be expected from a fuel cell 
operating ideally (reversibly) and the actual voltage. These irreversibilities are also known as 
over-potential, voltage drop, and losses. Four major irreversibilities present in a fuel cell are 
(Larminie & Dicks 2003): 
1. activation losses, 
2. internal current, 
3. ohmic losses, and 
4. concentration losses. 
Activation losses are due to slowness of the reactions on the surface of the electrodes and are 
more dominant at low current densities (1 to 100 mA/cm-2). They represent an energy barrier 
required to be crossed in order to boost the rate at which the electrochemical reactions take 
place (Guha 2007) and are highly non-linear (Larminie & Dicks 2003). As shown in Figure 
10, the initial sharp drop in voltage can be attributed to activation loss. 
Internal current or fuel-crossover loss is due to the waste of fuel passing through the 
membrane (or electrolyte) and also, to a lesser extent, from the conduction of electrons 
through membrane. The membrane should only transport hydrogen ions through the cell. 
However, a certain amount of fuel diffusion and electron flow will always be possible 
(Larminie & Dicks 2003). 
The linear portion of the curve in Figure 10 indicates the ohmic loss. This voltage drop is the 
straightforward resistance to the flow of electrons through the external circuit, the gas 
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diffusion backings, and electrodes, and the resistance to the flow of protons through the 
membrane. This voltage drop is essentially proportional to current density, linear, and so is 
called ohmic losses, or sometimes as resistive losses. 
At higher currents, the fast drop in voltage is usually due to mass transport and reaction-site 
limitations (Larminie & Dicks 2003). These result from the change in concentration of the 
reactants at the surface of the electrodes as the fuel is used at higher rates. Because the 
reduction in concentration is the result of a failure to transport sufficient reactant to the 
electrode surface, this type of loss is also often called mass transport loss 
The same losses in FC-mode are present in E-mode. Where the irreversibilities in FC-mode 
mean a decreased voltage available to power the load, in E-mode they mean the need for a 
higher voltage than the reversible voltage for water electrolysis. Figure 11 shows a typical 
polarisation curve for a URFC. 
As shown in this curve, in E-mode a voltage of above 1.4 V is usually required before 
electrolysis can take place. The same over-potentials also decrease the open-cell voltage of 
the cell to around 0.9 V compared to the 1.23 V for a reversible cell with no losses. 
 
 
Figure 11: Typical URFC VI characteristic curve (Pai & Tseng 2012) 
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3.3.4 Nafion  
Nafion is a sulphonated tetrafluoroethylene based fluoro-polymer-copolymer discovered in 
the late 1960s by Walther Grot of DuPont (Grot 1972). It was the first of a class of synthetic 
polymers with ionic properties that are called ionomers. 
Nafion has received a considerable amount of attention as a proton conductor for proton 
exchange membrane fuel cells because of its excellent thermal and mechanical stability 
(Heitner-Wirguin 1996; Mauritz & Moore 2004). Nafion's unique ionic properties are due to 
incorporating perfluorovinyl ether groups terminated with sulphonate groups onto a 
tetrafluoroethylene (Teflon) backbone (Hsu & Gierke 1983). Figure 12 shows this structure 
for Nafion.  
 
Figure 12: Polymer structure of Nafion (Gierke et al. 1981) 
The morphology and the issue of proton solvation and transport in Nafion are matters of 
continuing study and research (Knight & Voth 2012; Schmidt-Rohr & Chen 2007; Mauritz & 
Moore 2004).  
The first model for morphology of Nafion, called the Cluster-Channel or Cluster-Network 
Model, was proposed by Gierke et al. in 1981. This model was based on the observations of 
small-angle X-ray scattering (SAXS) and consists of an equal distribution of sulphonate ion 
clusters with a 4 nm diameter held within a continuous fluorocarbon lattice. Narrow channels 
about 1 nm in diameter interconnect the cluster, which explains the transport properties. 
25 
 
 
Figure 13: Cluster-network model as proposed by Gierke and Hsu (1982). 
Further studies led to development of other models to better describe the structure of Nafion. 
A more recent water channel model was studied and has been validated by Schmidt-Rohr and 
Chen in 2007 by comparing the results of simulation based on this model and SAXS data. 
Although the model itself was used previously by others (Cwirko & Carbonell 1992), no 
independent evidence was given that this model is an accurate representation of the 
microstructure of Nafion. Schmidt-Rohr and Chen (2007) were able to show that the structure 
of Nafion can be better described as long parallel water channels with diameter of around 4 
nm, surrounded by partially hydrophilic side branches, forming inverted-micelle cylinders. 
This structure is shown schematically in Figure 14.  
 
Figure 14: Water channel model for structure of Nafion (Schmidt-Rohr & Chen 2007) 
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Nafion ‘crystallites’, represented as black squares in this figure, are part of the structure of 
the membrane and are elongated and parallel to the water channels. In these crystallites there 
is thought to be a more regular repeatable lattice-like structure, and they are held to be crucial 
for the mechanical properties of Nafion films (Schmidt-Rohr & Chen 2007). The water 
channels are randomly packed in the Nafion membrane and have even more tortuosity in 
membranes produced by quenching or solution-casting (Schmidt-Rohr & Chen 2007). 
In addition to the structure of Nafion, the process of proton solvation and transport still 
remains a challenging problem that continues to be investigated (see, for example, Knight & 
Voth 2012).  
Based on the parallel-pore structural model, Choi et al. (2005) developed a conductivity 
model for diffusion of protons in Nafion. This model includes various proton transport 
mechanisms such as surface proton hopping, Grotthuss diffusion, and en masse diffusion. 
Figure 15 shows a schematic view of these mechanisms inside a water channel of Nafion. 
surface water
surface proton 
hopping
 
 
Grotthuss 
diffusion of
protons
en masse diffusion of
hydronium ions
 
Figure 15: A simplified picture of structure of water channels and proton transfer in Nafion 
by different mechanisms (modified from Choi et al. 2005) 
Water molecules attached to the SO3- groups near the pore surface are referred to as ‘surface 
water’. Proton mobility along the surface is considerably smaller than that in the bulk due to 
the strong electrostatic attraction of sulphonic groups and the protons, except at very low 
levels of hydration (Choi et al. 2005). 
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At higher water concentrations and in the bulk of the water channel, proton diffusion is 
predominantly by the Grotthuss mechanism (Choi et al. 2005). A proton shuttling mechanism 
of protons between water molecules was first discussed by Grotthuss over two hundred years 
ago, and it has since been called the “Grotthuss mechanism”. As shown in Figure 16, in this 
mechanism, the proton is transferred from one water molecule to an adjacent water molecule 
without significant rearrangement of the centre of masses (Knight & Voth 2012). 
 
Figure 16: Illustration of the Grotthuss shuttling process for the excess proton in a small 
water wire, oxygen and hydrogen represented as black and white spheres respectively (Knight 
& Voth 2012). 
While Grotthuss proton shuttling is the dominant mechanism for diffusion of proton in 
Nafion’s water channels, hydronium ions (H3O+) can still slowly diffuse through the water 
channels and contribute to the transport of protons. This is called the en masse or vehicular 
mechanism. 
To conclude, the cylindrical water channel model is currently the preferred model available 
for describing the structure of Nafion. In terms of proton diffusion, the Grotthuss proton 
shuttling is the dominant proton diffusion mechanism in hydrated Nafion. These models will 
be used later for seeking to develop a better understanding of the steps involved in direct 
absorption/desorption of protons in an integrated PEM URFC and MH electrode system. 
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3.4 The proton flow battery concept  
3.4.1 Overview 
The focus in the present project has been on the concept of integrating a MH storage 
electrode with a PEM URFC that is undertaking the water splitting. This concept was first 
proposed by A/Prof John Andrews of RMIT University in 2009 while working on URFCs. In 
this concept, a solid MH hydrogen storage electrode is integrated into a single PEM URFC 
that can operate reversibly as an electrolyser to split water or as a fuel cell to generate 
electricity. 
A system based on this concept only needs the flow of water and applied DC electricity to 
charge the storage electrode. The charging of the storage electrode with hydrogen can 
continue as long as input water is supplied and there is remaining capacity to absorb the 
hydrogen in the electrode. In principle the latter can be expanded indefinitely while keeping 
the rest of the cell a constant size (although in practice there will be a limit to this expansion). 
Then the system can draw oxygen from the air and hydrogen stored within this electrode in 
the solid state to operate as a fuel cell to regenerate electricity. Because of its ability to keep 
charging the storage electrode as long as the input flow of water is maintained, and the direct 
use of protons as the ionic transfer species, we have called the system a ‘proton flow battery’. 
Such a system – if it can be shown to have a reversible performance competitive with current 
hydrogen systems comprising a PEM electrolyser, separate hydrogen storage (as compressed 
gas or MH canister), and fuel cell, and batteries such as lithium ion and lithium polymer, – 
would have numerous potential applications across many fields. 
In this section, earlier works in the same field are reviewed and their differences from the 
current proposed concept are identified. Then the concept of ‘proton flow battery’ is 
explained in detail and its potential benefits are discussed. 
3.4.2 Background 
The possible application of MH materials integrated as an electrode in electrochemical cells 
was first considered in the 1970s, with the experiments concentrating on using alkaline 
solutions as the electrolyte (Bronoel et al. 1976). Further research in this field led to 
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development of commercial Nickel Metal Hydride (NiMH) batteries in the early 1990s 
(Willems 1984; Sakai et al. 1999). 
NiMH batteries use positive electrodes of nickel hydroxide (NiOOH) and negative electrodes 
of MH. The overall cell reaction consists of transfer of a hydrogen ion from one electrode to 
the other through the alkaline electrolyte. However, the process of proton transfer is by 
splitting of water molecules on the surface of the MH material to hydrogen and hydroxide 
ions. These steps are shown schematically in Figure 17. 
 
Figure 17: Schematic diagram of the electrochemical reaction process of a NiMH battery (Feng 
et al. 2001) 
During discharge, hydrogen stored in the bulk metal must be brought to the electrode surface 
by diffusion. The hydrogen must then react with hydroxide ions at the metal–electrolyte 
interface. Hence, hydrogen diffusivity in the alloy and exchange current density should be 
high to ensure the high discharge rate of the NiMH battery, especially at high discharge 
current densities (Dhar et al. 1997). 
The usage of a MH electrode in a regenerative fuel-cell with a liquid alkaline electrolyte 
solution was also examined by the Ovonics Company (Ovshinsky et al. 2004). In their 
experiments they showed that it is possible to charge the MH electrode by electrolysis of 
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water and then discharge the cell in fuel-cell mode. But the hydrogen side of their alkaline 
fuel cell did not have any catalyst layers or graphite bipolar plates used in normal fuel cells, 
as would be employed in the proton flow battery concept. 
Condon and Schober (1995) proposed a concept with some similarities to the proton flow 
battery idea, but they suggested use of a high-temperature solid oxide (ceramic) reversible 
fuel-cell. Further, their work was limited to a preliminary study and identifying the possible 
applications for such system and did not include any experimental investigations or actual 
designs for working system. 
There was also some research done by the Fiat Research Centre in 1980 to examine the 
performance of MH electrodes incorporated into fuel cells (not regenerative fuel cells) with 
solid electrolytes (Folonari et al. 1980). In their setup, a MH electrode was charged directly 
by external hydrogen gas, rather than directly by a URFC in our concept, and it was then 
discharged in fuel cell mode. Their experiments were unsuccessful for acid-based membranes 
(e.g. Nafion), but they did show that the process is possible with an alkaline-based membrane 
(i.e. Permaplex) in spite of its lower conductivity for hydroxide ions when compared to 
conductivity of protons in proton exchange membranes  
The concept of integrating fuel cells with hydrogen storage for a wide range of cell types and 
storage materials was alluded to in a very general patent by Wang and Wei (2007) of the 
General Electric Company. For materials they have covered usage of AB, AB2, A2B, AB3, 
and AB5 materials. For the membrane this patent covers using polyethylene (PE) and 
polypropylene (PP), polytetrafluoroethylene (PTFE), modified PE, modified PP, PP 
derivatives, PE derivatives, polystyrene, polyimide, polyvinylidene resin, and combinations 
thereof. Usage of electrolytes is also considered in this patent including: water, acid, sodium 
hydroxide (NaOH), potassium hydroxide (KOH), lithium hydroxide or a mixture these, 
inorganic salts, such as Na2SO4, K2SO4, KNO3, NaNO3, NaCl, KCl, CsOH, H2SO4, HCl, 
CH3COOH, H3PO4, HCOOH, and HClO4. However, this patent does not provide any 
experimental results or recommending any designs for working experimental systems. It also 
does not mention the direct absorption of protons in the MH electrode without hydrogen gas 
formation. 
General Electric Company has continued research in this field in conjunction with other 
researchers and they were granted two new patents in 2011 and 2012. In their 2011 patent, 
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Yang et al. (2011) suggested an electrode assembly for use in a galvanic cell (fuel cell or 
battery) with various materials as the membrane including but not limited to: thermoplastic 
materials such as nylon, polyethylene (PE), or polypropylene (PP); composites of PE and PP, 
inorganic materials such as asbestos; or thermoset plastics such a flexible epoxies or 
silicones. They also mentioned that the membrane may have relatively high ion conductivity. 
For the negative electrode they covered suitable hydrogen storage-based materials including 
but not limited to LaNi5, AlH3, SiH4, LiH, BeH2, GaH3, or SbH3 and possible incorporation 
of a binder and conductive additive. A suitable binder was stated to be a gel mixture of PTFE 
and carboxymethylcellulose (CMC), and carbonyl nickel powder was suggested as a 
conductive additive. Yang et al. (2011) further mentioned that the positive electrode maybe 
air. They considered alkaline rechargeable fuel cells as an option for galvanic cell. This 
patent has interesting similarities with the proposed concept in this project. However, they 
have concentrated on alkaline solutions and design of the electrodes is limited by being in 
contact with the membrane just at the surface. 
In the patent of Huang et al. (2012) the focus was merely on the procedures for preparation of 
an electrode for such system and not the design of the system. First the MH material is heated 
at 80°C and for 5 hours in a mixture of 6 molar (M) potassium hydroxide (KOH) and 0.03 M 
sodium borohydride (NaBH4). Then it is rinsed with de-ionized water to a neutral pH state. 
The rinsed powder is then dried in a vacuum system at 50°C for 12 hours. The dried powder 
is then mixed with conductive additives (nickel powder composition, cobalt powder 
composition, or activated carbon), binders (like PTFE and CMC) and several drops of 
ethanol. 
To date we are therefore not aware of any published literature that has reported proof of the 
feasibility of the proton flow battery concept applied to a solid electrolyte cell (that is, a 
proton exchange membrane made of Nafion in particular) in an actual experiment, a detailed 
design for such a proton storage cell, or any theoretical explanations of the processes 
involved. 
3.4.3 The proton flow battery concept 
The conventional hydrogen storage system for electrical energy, as would be employed in 
stationary applications such as central grid storage of intermittent solar, wind or wave energy, 
or standalone solar/wind hydrogen energy systems for remote, standalone or back-up power 
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supplies, or in transport applications, is shown in Figure 18. The conversion efficiencies at 
the various stages in the process show that losses in producing and storing the hydrogen gas 
and then reconverting this gas back into electricity in a fuel cell cut the round-trip energy 
efficiency to under 50% (Shabani et al. 2010). The best performing batteries, such as lithium 
ion, have comparable round trip energy efficiencies of 70-80% for short duration storage (a 
few days or weeks), although their efficiency for longer duration storage (a few months) falls 
off rapidly through self-discharge (Yazami & Reynier 2002). 
 
Figure 18: The conventional system for storing electrical energy as hydrogen and then 
regenerating electricity 
In the alternative hydrogen storage system to be investigated in the present project many 
steps in the conventional process that incur energy losses are completely avoided, as can be 
seen in Figure 19. 
 
Figure 19: The proposed new system employing a reversible fuel cell with integrated solid 
proton storage electrode. X represents an atom of the solid storage to which a hydrogen atom 
is bonded. 
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Avoided steps include conversion of protons produced during electrolysis into hydrogen gas, 
the compression of this gas, and subsequently the splitting of gas molecules in the fuel cell to 
release protons and generate electricity. 
In the charge cycle in the proposed new system, protons (that is, H+ ions) enter the storage 
material directly after passing through the membrane of a PEM cell operating in electrolyser 
mode, and combine with electrons supplied by the applied electrical potential to form bonds 
with the atoms (X say) of this solid electrode. By contrast in the conventional process, 
protons must combine in pairs with electrons in the catalyst layer of a conventional PEM 
electrolyser to form hydrogen gas. This hydrogen must then be compressed, by continued 
production by the electrolyser so that the amount of hydrogen gas in a fixed volume container 
steadily increases, or by using an external compressor. In either case there is an energy 
penalty to accomplish the compression. Hence there is the potential for overall higher round-
trip energy efficiency (electricity to hydrogen to electricity) if protons enter the storage 
material directly, without having to produce hydrogen gas first. 
In the discharge cycle, electrons flow from hydrogen side through the external circuit to the 
oxygen side and react with protons and oxygen to form water molecules. The decreased 
concentration of proton on oxygen side will be the driving force for release of protons from 
the storage material. Protons will readily go from the storage material to the oxygen side 
through the membrane without the need for dissociation of hydrogen molecules as it would 
be need in a normal fuel cell. 
 
3.4.4 Benefits 
The main potential benefits of the proposed proton flow battery concept are the following: 
• The proton flow battery system eliminates the intermediate steps of hydrogen gas 
generation and external storage compared to conventional hydrogen gas storage 
systems, and the reverse steps in fuel cell mode of getting the hydrogen gas out of the 
storage, reducing its pressure, splitting hydrogen molecules into atoms and then H+ 
ions and electrons.  Hence it has the potential for an overall higher round-trip 
efficiency, comparable with the best battery types such as lithium ion. 
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• This system has the advantage of a battery as the primary store is a solid electrode 
directly in contact with the electrolyte, but retains the advantage of producing 
hydrogen by electrolysis from feed water. Production of protons for storage can 
continue as long as water is being supplied, and the protons produced can be 
accommodated in the storage electrode. This flow nature of the charge process, and 
the sole reliance on protons as the ion transfer species, are the reasons we have termed 
the system a proton flow battery. 
• Incorporating the solid proton exchange membrane eliminates the issue of electrolyte 
concentration control in fuel cells with a liquid electrolyte (Kordesch & Cifrain 2010). 
• The capacity of the system can be increased by simply just increasing the amount of 
storage material on the hydrogen side of the cell without the need for increasing the 
size of the membrane or oxygen electrode. The rate of charge and discharge will 
however be less than a cell with larger oxygen electrode, but still increasing the size 
of the oxygen electrode is not necessary as it is in a normal battery for achieving 
higher capacities. This allows this system to achieve higher energy densities 
compared to conventional batteries. 
• By directly injecting protons into a solid-state storage electrode it may be possible to 
attain much higher levels of hydrogen storage than are possible at the same prevailing 
pressure (that is, ambient) if gaseous hydrogen injection were employed. 
 
3.4.5 Applications 
Potential fields of application for the proposed proton flow battery are: 
• Vehicular applications: As mentioned before, it is possible to potentially increase the 
capacity of proton flow battery by just increasing the size of MH electrode. This 
capability may allow the proton flow battery system to achieve higher gravimetric 
densities for the same MH material compared to conventional batteries. The novel 
system will also have higher gravimetric densities compared to conventional fuel cell-
MH systems − provided comparable reversible wt% hydrogen storage in the electrode 
can be obtained − as it eliminates the need for additional canisters and gas flow 
control equipment. Hence it has the potential to be more competitive for vehicular 
applications where gravimetric density of the energy source is important. 
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• Stationary applications: Although gravimetric density is not that important for 
stationary applications, the added operational simplicity of this system, that is 
eliminating the need for high pressures for compression of hydrogen, could make it a 
better option for energy storage in renewable energy systems for household or remote 
area application (Shabani and Andrews 2011). 
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4. Design and construction of the reversible URFC with 
integrated hydrogen storage electrode 
4.1 Design approach 
Based on previous work done by Doddathimmaiah and Andrews (2009) in the School of 
Aerospace, Mechanical, and Manufacturing Engineering (SAMME) at RMIT University, a 
modified URFC was designed and manufactured. The modified URFC has the normal 
catalysts on the oxygen side (Pt black/IrO2) but no catalyst and gas diffusion layer on the 
hydrogen side. The design brief was to have a cell that accommodates the MH electrode on 
the hydrogen side of the modified URFC. 
In addition, a normal URFC cell with catalyst layers on both sides was also designed and 
tested as the reference for voltage-current (VI) characteristics. The detailed specification of 
both the normal and modified URFCs will be provided in section 4.3. 
Four different MH electrodes were designed and made using the AB5 MH powder provided 
by A/Prof Sammy Lap Ip Chan and his research group in the School of Materials Science and 
Engineering at the University of New South Wales (UNSW), Sydney. These electrodes were 
tested in the modified URFC to investigate the concept of integration. 
4.2 URFC and modified URFC cell design 
The normal URFC cell consists of the membrane sandwiched between two stainless-steel 
plates. These plates have flow channels on the side in contact with the MEA of the URFC to 
allow transport of water, oxygen, and hydrogen. The plates also act as electrical conductors 
and are connected to an external DC power supply in E-mode and the load in FC-mode. The 
gaps between the Nafion membrane and the plates are filled with silicon seals. Figure 20 
shows a schematic of this design. 
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Figure 20: Schematic design of a normal URFC cell 
Doddathimmaiah and Andrews (2009) investigated URFCs of this kind both theoretically and 
experimentally, and provided a thorough comparison of various URFCs with different 
catalysts and loadings in terms of their voltage-current (VI) characteristic and overall 
efficiency. The cells used in the present project were designed on the basis of this previous 
work at RMIT University, and some of the already available parts including end plates and 
gas collection cylinders were utilised. Figure 21 shows detailed engineering drawings of the 
oxygen and hydrogen end plates designed by Doddathimmaiah and manufactured at RMIT 
University (Doddathimmaiah & Andrews 2008; 2009). 
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Figure 21: Oxygen and hydrogen end plates designed by Doddathimmaiah at RMIT. All 
measurements are provided in millimetres. 
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The modified URFC used in this project for testing an integrated MH electrode has no 
catalyst layer on the hydrogen side. This allows the packing of MH material in various forms 
inside the cell. The bare surface of the Nafion membrane on the hydrogen side is in direct 
contact with MH material. A porous, conductive, stainless-steel sheet is placed on the outside 
of the electrode to contain the MH particles. End plates and seals are placed on both sides and 
fastened by bolts and nuts to contain the MH material. The end plates for the modified URFC 
are the same plates used for the normal URFC. Figure 22 shows a schematic of this setup. 
 
Figure 22 : Schematic design of a modified URFC cell with MH material 
4.3 Materials 
4.3.1 URFC and modified URFC 
Doddathimmaiah and Andrews (2009) examined various URFCs with different catalysts and 
loadings and compared their performance in both electrolyser mode (E-mode) and fuel-cell 
mode (FC-mode) and rated them in terms of having a higher current for the same voltage 
(better VI characteristic). Based on their study, a URFC design with a high rating in both 
modes was selected.  
MEAs manufactured by FuelCellEtc (previously Lyntech) with the characteristics 
summarised in Table 2 were used in the normal and modified URFC. The modified URFC 
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has the same membrane and catalyst layer on the oxygen side but has no catalyst or gas 
diffusion backing on the hydrogen side. 
Table 2: Characteristics of URFCs used in the experiments 
Normal URFC 
Oxygen side 
Membrane 
Hydrogen side 
Active 
area Gas diffusion Catalyst Gas diffusion Catalyst 
ELAT, pressed 
onto membrane 
Pt black/IrO2 
(50:50), 4.0 mg/cm2 
loading 
Nafion 
115 
ELAT, pressed 
onto membrane Pt-b 
2.5 x 
2.5 cm2 
Modified URFC 
Oxygen side 
Membrane 
Hydrogen side 
Active 
area Gas diffusion Catalyst Gas diffusion Catalyst 
ELAT, pressed 
onto membrane 
Pt black/IrO2 
(50:50), 4.0 mg/cm2 
loading 
Nafion 
115 --- --- 
2.5 x 
2.5 cm2 
 
Figure 23 shows a picture of the membrane electrode assembly manufactured by 
FuelCellsEtc and used in these experiments. The black area in the centre of the membrane is 
the oxygen side of the membrane electrode assembly, and also indicates the active area of cell 
(2.5×2.5 cm2). 
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Figure 23: The modified membrane electrode assembly made by FuelCellsEtc and used in the 
experiments. The active area of the MEA was 6.25 cm2. 
4.3.2 Metal hydride powder 
The metal hydride material used was provided by A/Prof Sammy Lap Ip Chan and his 
research group in School of Materials Science and Engineering at the University of New 
South Wales (UNSW). Properties of this material are summarised in Table 3. 
Table 3: AB5 MH properties 
Chemical composition: 
A B5 = (La0.63 Nd0.08 Pr0.02 Ce0.27) (Al0.02 Co0.14 Mn0.06 Ni0.78)5 
Weight percentage of components: 
La: 20.42%, Ce: 8.70%, Pr: 0.91%, Nd: 2.73%, AI: 1.93%, Mn: 4.54%, Co: 5.37%, Ni: 55.40% 
Powder density: 3.23 g/cm3 
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The hydrogen absorption plateau pressure of this powder is about 0.5 atm (gauge) at 40°C, 
and the maximum hydrogen storage capacity is around 1.3 - 1.4 wt.% (Chan & Tsai 2011). 
Figure 24 shows a Scanning Electron Microscopy (SEM) image of a sample of this material 
taken at the RMIT Microscopy and Microanalysis Facility (RMMF). The bigger particles 
have an average size of 50 µm and the smaller ones 10 µm. A higher magnification image is 
shown in Figure 25. 
 
Figure 24: SEM image of particles of AB5 MH powder taken at RMIT 
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Figure 25: Close-up SEM of AB5 MH powder 
4.3.3 Nafion solution 
The Nafion solution used in the experiments has the following specifications as reported in its 
Material Safety Data Sheet (Alfa Aesar, CAS Number 31165-20-9, 2011). 
Table 4: Nafion solution specifications 
Trade name: Perfluorosulfonic acid-PTFE copolymer, 5% w/w solution 
Perfluorosulfonic acid-PTFE copolymer: 5% 
Methanol: <5% 
1-Propanol: 15-30% 
2-Propanol: 15-30% 
Water: Balance 
Density: 0.898 g/ml at 25°C 
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4.4 Metal hydride electrodes 
4.4.1 Design 
Four URFCs, each employing an integrated AB5 metal hydride electrode with a different 
structure and/or fabrication method, were designed to investigate the concept of integration. 
Table 5 summarises the names and specifications of the different electrodes. 
Table 5: The characteristics of the four different integrated MH electrodes tested in the 
modified URFC 
Name Description MH content (g) 
MH-NiMesh MH electrode with Ni mesh made by UNSW 0.583 
MH Powder 1 MH powder (no Ni mesh) packed on hydrogen side 0.633 
MH Powder 2 MH powder hot-pressed and packed on hydrogen side 0.612 
MH-Nafion MH powder mixed with Nafion solution. Electrode hot-
pressed on hydrogen side 
0.609 
 
The device used for mass measurements was an A&D HR-200 laboratory balance with a 
precision of 0.0001 g.  
4.4.2 MH-NiMesh 
The MH-NiMesh electrode was prepared from an MH electrode provided to us by A/Prof 
Chan and his research group at UNSW. Such electrodes were previously used by this group 
for testing the performance of this form of MH as a hydrogen storage material in nickel 
metal-hydride batteries (Wang et al. 2009).  The composition of the electrode by mass (MH 
and nickel foam) is given in Table 6. 
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Table 6: Characteristics of MH electrode made by UNSW (Chan & Tsai 2011) 
Electrode MH content (g) Nickel substrate (g) PTFE Binder 
#1 0.583 1.2 Content not reported 
 
The electrode was made using the identical powder mentioned earlier. The powder was made 
into a slurry using ethanol and PTFE binder. After preparation the slurry was pasted onto a Ni 
foam as a substrate, and then cold-pressed together into electrode (Chan & Tsai 2011). The 
final electrode had an area of 3.5 × 3.5 cm2 and thickness of 1 mm. However, not all of this 
area contains the MH material. As shown in Figure 26, the MH material is concentrated in the 
darker central area with dimensions of approximately 2.5x2.5 cm2. For integration with the 
modified URFC, the electrode was trimmed to a final area of 2.5x2.5 cm2 and then cold 
pressed onto the modified URFC. 
 
Figure 26: The MH electrodes made by UNSW 
4.4.3 MH Powder 1 
For the MH Powder 1 electrode, 0.633 g of MH powder was packed on the hydrogen side of 
a modified URFC membrane electrode assembly. The powder was cold pressed onto the 
membrane and was kept in place by a porous stainless-steel mesh and end plates (as 
described earlier in Figure 22). 
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4.4.4 MH Powder 2 
To examine the effect of Nafion as a proton conductor to enhance the transport of protons 
into the bulk of the MH material, it was decided to mix MH powder and Nafion. The first 
method of mixing tried was to pack and hot press MH powder directly onto the Nafion 
membrane. 
However, Nafion never melts and heating above the glass transition temperature (Tg=109°C) 
merely softens the material (Osborn et al. 2007; Borup et al. 2007; de Almeida & Kawano 
1999; Zook & Leddy 1996; Yeo & Eisenberg 1977). In this case, the level of penetration of 
metal particles into the Nafion is limited by the strong internal cohesive forces within the 
polymer and expansion of the Nafion membrane with increasing temperature. A SEM image 
of a cross section of the MH powder hot-pressed onto the Nafion membrane in this type of 
electrode is shown in Figure 27. 
 
Figure 27: Cross section of MH powder hot-pressed to the right of Nafion membrane 
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It can be seen that the degree of penetration into the polymer was less than the typical size of 
the MH particles. Thus the actual surface area of contact between the Nafion and MH 
particles was very limited in this electrode. It should be noted that Figure 27 only shows the 
interface of the MH material and Nafion membrane. The bulk of the MH material for this 
electrode was further packed onto the surface MH later on the hydrogen side as shown in 
Figure 22. 
4.4.5 MH-Nafion 
To overcome the limitation of hot pressing MH particles into a solid Nafion membrane, the 
second mixing method employed was to mix the MH particles into Nafion solution and then 
evaporate the solvent to form a composite Nafion-MH electrode. In this way the aim was to 
fill the gaps between the irregularly-shaped MH particles as much as possible, and thus 
provide a continuous medium within the electrode for transport of protons. 
If the solvent of a Nafion solution is evaporated at room temperature, the morphology of the 
discontinuous fluorocarbon phase is largely preserved. Such a film is weak and will be 
redissolved in alcohol. If, however, the solvent is evaporated hot or if the cast film is heated 
to 100–120 °C, the dispersed fluorocarbon phase will to some extent fuse together and the 
film will become insoluble (Ma et al. 2009; Lin et al. 2005; Lee et al. 2004; Gebel et al. 
1987). 
To estimate the amount of Nafion solution to be mixed with MH powder, the following 
assumptions were made. 
A final electrode with the thickness of 0.3 mm and area of 2.5×2.5 cm2 would have a volume 
0.1875 cm3 and contain 0.609 g of the MH powder being used in these experiments. If it is 
initially assumed that  50% of the volume of in the MH powder is comprised of air gaps, the 
final volume of Nafion in solid form to fill the gaps would be 0.09375 cm3. By inspection of 
the SEMs in Figure 24 and Figure 25, it is clear that this is an overestimate of the actual 
volume of air gaps. However, it is preferable to overestimate the volume of Nafion needed to 
fill the pores, so that any excess can be squeezed out of the electrode when the mixture is 
subjected to pressure to bring the MH particles into close contact. The extent to which the 
MH particles are in contact in the final electrode can be established by measuring its 
electrical conductivity.  
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Let us then calculate the required mass of Nafion for this MH-Nafion composite electrode on 
the basis of the 50% fill assumption.  
The volume of the electrode will be: 
𝑉𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 = 2.5 𝑐𝑚 × 2.5 𝑐𝑚 × 0.03 𝑐𝑚 = 0.1875 𝑐𝑚3                      Eq. 13 
The mass of MH in this electrode will therefore be: 
𝑚𝑀𝐻 = 𝑉𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒  ×  𝜌𝑀𝐻 = 0.1875 × 3.23 = 0.605 𝑔.                       Eq. 14 
The volume of Nafion to fill the pores is: 
𝑉𝑆𝑜𝑙𝑖𝑑𝑁𝑎𝑓𝑖𝑜𝑛 = 𝑉𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 × 50% = 0.18752 = 0.09375 𝑐𝑚3,                      Eq. 15 
with a mass given by: 
𝑚𝑆𝑜𝑙𝑖𝑑𝑁𝑎𝑓𝑖𝑜𝑛 = 𝑉𝑆𝑜𝑙𝑖𝑑𝑁𝑎𝑓𝑖𝑜𝑛 × 𝜌𝑆𝑜𝑙𝑖𝑑𝑁𝑎𝑓𝑖𝑜𝑛 = 0.09375 × 2.05 = 0.1922 𝑔.                 Eq. 16  
From the known composition of the Nafion solution: 
𝑚𝑆𝑜𝑙𝑖𝑑𝑁𝑎𝑓𝑖𝑜𝑛
𝑚𝑁𝑎𝑓𝑖𝑜𝑛𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛
= 5% .                           Eq. 17 
So that the mass of Nafion solution required is: 
𝑚𝑁𝑎𝑓𝑖𝑜𝑛𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 0.19220.05 = 3.8438 𝑔.                         Eq. 18 
From the known density of the Nafion solution, the volume of Nafion solution needed to 
supply just the right amount of solid Nafion in the composite electrode will be: 
𝑉𝑁𝑎𝑓𝑖𝑜𝑛𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 𝑚𝑁𝑎𝑓𝑖𝑜𝑛𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝜌𝑁𝑎𝑓𝑖𝑜𝑛𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 3.84380.898 = 4.28 𝑚𝑙.                       Eq. 19 
To make the electrode, 0.609 g of MH powder was therefore mixed with 4.5 ml of Nafion 
solution, allowing for a small excess to be squeezed out in the process. To evaporate the 
solvent, two different approaches were followed. 
In the first approach, the mixture was heated in a beaker at 60°C and stirred for two hours 
until a viscous solution was obtained. The paste was then poured into a mould made from 
aluminium. The mould had an area of 2.5 x 2.5 cm2 and depth of 3 mm. The inner surface of 
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the mould was covered by a thin non-stick Teflon membrane to avoid sticking of the final 
electrode to the mould. The mould containing the paste was heated for another two hours at 
80°C in a vacuum oven to evaporate the solution as much as possible. The result of this 
process was a somewhat fluffy electrode with many voids inside. As the goal was to have a 
stronger void-free electrode, this approach was not used anymore. 
In the second approach, the mixture was left at room temperature for 12 hours and stirred 
every hour to ensure homogenous deposition of Nafion over the MH particles. Then the 
concentrated solution was poured into the non-stick mould and left for another 12 hours to let 
the rest of the solvents evaporate (Figure 28). 
Aluminium mould covered 
with non-stick Teflon film
Concentrated MH-Nafion solution 
mixture inside the mould
 
Figure 28: MH and Nafion mix poured into the mould 
The final solid electrode was placed in the oven (no vacuum) and heated at 120°C for two 
hours to allow the Teflon backbones of Nafion particles to fuse together. At the same time, 
pressure was applied to the top surface of the electrode material by using a square aluminium 
slab to press the MH particle together as much as possible with the aim of achieving contact 
between particles. This step is necessary to make the medium of MH particles electrically 
conducting (that is, an electron conductor).  Figure 29 shows the schematic of this setup for 
compressing the mixture in the oven. 
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Figure 29: Mould setup for compression of MH-Nafion mixture in the oven 
The final composite MH-Nafion electrode formed was a solid, with a consistency somewhat 
like baked clay, and was quite brittle, as shown in Figure 30. 
 
Figure 30: Final MH-Nafion electrode after compression and heating in the oven 
A small fragment of the electrode was studied with Scanning Electron Microscopy (SEM), 
and the resulting image is shown in Figure 31.  
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Figure 31: A fragment of the MH-Nafion electrode 
As shown in Figure 32 and Figure 33, the MH particles are properly mixed with Nafion and 
the gaps appear to be fully filled with Nafion both on the surface and into the depth of the 
electrode. 
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Figure 32: Close-up of the surface of MH-Nafion electrode 
 
Figure 33: Close-up of the cross-section of MH-Nafion electrode 
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 For final assembly of the URFC with the composite Nafion-MH electrode, the electrode was 
hot-pressed onto the Nafion on the hydrogen side of the membrane electrode assembly of the 
modified URFC (Figure 34).  
 
Figure 34: Schematic design of modified URFC with MH-Nafion electrode 
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5. Experimental testing of the integrated reversible 
fuel cell − MH storage system 
5.1 Overview of the experiments  
This chapter covers the experimental testing of various reversible fuel cells to investigate the 
concept of an integrated hydrogen storage electrode. The experimental measurements 
include: 
 testing a conventional URFC as a reference case for the voltage-current (VI) 
characteristics of this type of cell, 
 measurement of the electrical conductivity of the MH powder and MH-Nafion 
mixture prior to its use as an electrode in the cell, and  
 testing the cells with integrated hydrogen storage electrodes of various kinds over 
different ranges of voltage and current in both electrolyser (charging) and fuel cell 
(discharging) modes. 
The modified URFCs were tested in electrolyser-cell mode (E-mode) over a range of applied 
voltage, and the corresponding current and volume of hydrogen and oxygen gas generation 
were recorded over time. The volumetric gas production values were compared with 
theoretical calculations to estimate the amount of possible hydrogen absorption directly in the 
MH material. 
In fuel-cell mode (FC-mode), unlike a normal URFC, no external hydrogen gas source was 
provided for powering the electrical load. This condition was established in an attempt to 
ensure that in FC mode the only source of hydrogen for power generation was from hydrogen 
absorbed in the MH material. These capacity calculations are provided in Chapter 6. 
It should be noted that the main goal in testing the modified URFCs was to examine their 
capability of hydrogen absorption in a reversible cycle, and the corresponding hydrogen 
storage capacity of the MH electrode. Unlike when testing a normal URFC, finding the exact 
VI characteristics curves in E and FC modes was not the primary objective of these 
experiments. The VI curve for each cell tested is provided for E-mode operation of these 
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tests. However, in FC-mode the current flowing at a given voltage itself varied over time, so 
that a unique VI curve in this mode did not exist as such.  
5.2 Normal and modified URFC cells tested 
A number of cells with different storage electrode materials and fabrication methods were 
tested in E-mode and FC-mode. Table 7 lists these cells and their characteristics.  
Table 7: List of different cells tested and their characteristics  
URFC cell name Description 
Normal URFC Normal URFC with catalyst layer on hydrogen side 
MH-NiMesh Modified URFC with MH electrode (with Ni mesh) made by 
UNSW on hydrogen side 
MH Powder 1 Modified URFC with MH plain powder (no Ni mesh) packed on 
hydrogen side 
MH Powder 2 Modified URFC with MH plain powder hot-pressed and packed 
on hydrogen side 
MH-Nafion Modified URFC with MH-Nafion mixture hot-pressed on 
hydrogen side 
5.3 Experimental setup and method 
5.3.1 Electrical resistance of hydrogen storage electrodes 
The electrical (that is, electron) resistance of the MH material used to fabricate the hydrogen 
storage electrodes was measured by compressing MH powder between two aluminium plates 
and then using a digital data logger and the four-wire method for measuring the resistance. 
When measuring resistance with a meter, the final reading includes the resistance of the wires 
connecting the sample to the meter. Usually, wire resistance is very small, but if the 
connecting wires are very long, and/or the component to be measured has a very low 
resistance, the measurement error introduced by wire resistance will be substantial. As shown 
in Figure 35, the four-wire method is used in these cases to eliminate this error (Liptak 2003).   
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Figure 35: Measuring resistance using a meter vs. four-wire method 
In this method, as the internal resistance of the voltmeter is high, it measures the voltage drop 
across the subject load with minimum error. The ammeter also measures the current going 
through the subject load disrespectful of the presence of additional resistance of wire. By 
dividing the readings of voltage and current, one can calculate the resistance of the subject 
load with more accuracy compared to using a single meter. 
For measuring the resistance of the MH material, the four-wire method was used as the 
resistance of the sample was relatively low and the resistance of the connecting wires could 
not be neglected if a simple meter was used. 
A dataTaker DT800 capable of measuring resistance with four-wire method was used for this 
purpose. DT800 can also measure voltage and frequency (DT800 Technical Specifications, 
www.datataker.com). By connecting four wires to one of the analogue measurement channels 
of DT800, and determining in the control software that this method is used, it measures the 
resistance of the sample connected to the wires automatically. Figure 36 shows the 
configuration used for measuring the resistance of the MH powder using the DT800. 
 
Figure 36: Arrangements for measuring conductivity using the four-wire method and 
dataTaker DT800. 
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The contact area of the sample was 2.5 cm x 2.5 cm and its thickness was 0.3 mm. The 
measured resistance for the assembly with MH-Powder was 8.65 ± 0.025 mΩ  that includes 
the contact resistances between the wires and aluminium plates, and also between the MH 
powder and the aluminium plates.  
As this method cannot yield directly the resistance of the sample alone and the measured 
resistance includes contact resistances, to gain a better indication for the resistance of the MH 
material by itself, the MH material was replaced with a block of aluminium with the same 
dimensions. The measured resistance in this case was 4.25 ± 0.025 mΩ. These results suggest 
that the electrical resistance of the assembly with MH material is around twice that when 
aluminium is used instead. 
To test whether the prepared MH-Nafion electrode had a reasonable electrical conductivity 
through its thickness in both the dry and wet conditions, a small fragment of the composite 
electrode with a facial area of 1x0.5 cm2 was tested using the same setup. The measured 
resistance for dry MH-Nafion composite electrode was: 
𝑅𝑑𝑟𝑦 = 206.0 ± 0.025 𝑚Ω                           Eq. 20 
To examine the effect of increased water content on the electrical conductivity of the MH-
Nafion composite electrode, the same fragment of MH-Nafion electrode was wetted by 
distilled water and was tested in the same assembly. The measured resistance for the wetted 
MH-Nafion composite electrode was: 
𝑅𝑤𝑒𝑡 = 128.1 ± 0.025 𝑚Ω.                          Eq. 21 
Hence wetting of the electrode decreased the measured resistance by 40%. A part of this 
resistance decrease is probably due to the enhanced contact connections between the plates 
and the electrode. For a better understanding of the effect of water content on electrical 
conductivity of the electrodes, the application of different and more precise test methods are 
necessary, which were not within the scope of current project. 
When compared with the resistance of assembly with reference aluminium sample, these 
simple tests showed that MH Powder and wet and dry MH-Nafion electrodes have low 
enough electrical resistances to have sufficient electrical conductivity for this experiment. 
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However further experiments need to be performed with an improved experimental setup to 
obtain accurate measurements of the electrical conductivity of the MH powder and MH-
Nafion composite electrodes. 
5.3.2 Measurement of cell operation 
In E-mode, the cells were connected to a variable-voltage DC power supply. In this mode, the 
applied voltage was increased in steps as the independent variable and variations of current 
were recorded over time. The amount of oxygen and hydrogen produced were measured by 
collecting them in separate cylinders. The setup for E-mode is shown schematically in Figure 
37 and was the same for the normal URFC and the four modified URFCs. 
As the data taker only measured voltage inputs, an external shunt resistor was used in series 
with the circuit to measure the current. A low-resistance (0.47 Ω) high-power (5 W) resistor 
was used for this purpose. 
In FC-mode, the cells were connected to a variable load. This load was changed as the 
independent variable and the associated variations of voltage and current were recorded over 
time. Figure 38 shows the schematic of this setup for FC-mode operation. 
For the normal URFC, an external supply of hydrogen gas was provided to power the cell. In 
the modified URFCs, no external hydrogen gas was used so that the only source of hydrogen 
available was from the discharge of the MH electrode. Hence the discharge capacity 
measured (in terms of current over time) could be related to the reversible hydrogen storage 
capacity of the MH electrodes. 
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Figure 37: Experimental setup for testing the cells in electrolyser mode (E-mode) 
 
 
 
Figure 38: Experimental setup for testing the cells in fuel-cell mode (FC-mode) 
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In some cases, the hydrogen side of the modified URFC cells was filled with water in both 
operational modes (E-mode and FC-mode) to examine the effect of the presence of water: 
1- as a proton conductor on possible absorption of protons by MH material, 
2- on preventing formation of hydrogen gas, 
3- and on FC-mode performance of the cell. 
The water conditions on the hydrogen-side electrode are therefore specified in the following 
descriptions of each of the tests conducted. 
5.4 URFC Tests 
5.4.1 Normal URFC 
The normal URFC with catalyst layers on both the oxygen and hydrogen sides was tested in 
electrolyser mode as a reference point for the voltage-current (VI) characteristic against 
which to compare the readings for the modified URFCs. In E-mode the applied voltage was 
increased in steps of 0.5 V and then kept constant for around 4 min at each level. The 
variations of current over time were recorded for each step. 
In fuel-cell mode, both sides were filled with gas and water was drained. Voltage and current 
values were recorded after 30 seconds after each step of load variation and were almost 
constant over time. At the end of the test, hydrogen was purged on hydrogen side to examine 
the dependency of the voltage on hydrogen gas availability.  A rapid voltage drop to zero was 
observed. This shows that the generated voltage of the normal URFC was highly dependent 
on the availability of hydrogen gas from the external source, as would be expected.  
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Figure 39: Normal URFC, E-mode, V-I variations over time 
Figure 39 shows the variations of voltage and current for normal URFC over time. The jumps 
in current for each voltage step are mainly due to the double-layer capacitance effects at the 
interfaces between the Nafion and electrodes that were mentioned earlier in chapter 3. An 
estimate and comparison for the magnitude of this capacitance will be provided later in 
Chapter 6. 
Figure 40 shows the variations of voltage and current for different ohmic loads over time for 
normal URFC. The jumps in the current and voltage are due to altering the resistance of the 
load. The time dependency (capacitance effect) in FC-mode was less than E-mode. The only 
exception was the initial discharge, which took around 2 minutes for the voltage to reach the 
final value. 
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Figure 40: Normal URFC, FC-mode, V-I variations over time 
 
Figure 41: Normal URFC, V-I curve for E-mode and FC-mode 
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Figure 41 shows the steady-state V-I characteristic curve of this cell. The values shown for 
current are the steady state values, that is, those obtained at the end of each period of constant 
voltage, and do not show the transient effects of capacitance. 
5.4.2 URFC with MH-NiMesh electrode 
The URFC with the MH-NiMesh electrode was tested in E-mode by recording current after it 
had reached a steady value (2 minutes) for each applied voltage step (Figure 42). Voltage was 
increased up to 2.5 V in steps of 0.25 V. The voltage was then kept constant at 2.5 V for 30 
minutes. 
 
 
Figure 42: Measured steady-state V-I characteristic curve for the URFC with the MH-NiMesh 
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Figure 43: Hydrogen and oxygen as collection and current over time at an applied voltage of 
2.5 V for the URFC with the MH-NiMesh MH electrode 
The amount of collected hydrogen for this cell over time was twice the amount of oxygen 
and, considering the precision of the instruments, no difference from the expected 
stoichiometric ratio of hydrogen gas to oxygen gas production of 2, based on all the water 
split by electrolysis being converted to gaseous products, could thus be detected. Hence there 
was no indication in this experiment of any measureable quantity of hydrogen being absorbed 
directly by the MH electrode. 
Figure 43 shows the amount of collected hydrogen and oxygen over time at 2.5 V. For the 
lower voltages, the rate of gas generation was lower, but still the rate of hydrogen generation 
was twice that of oxygen (10 and 5 ±1 cm3 for lower voltages). 
For FC-mode, hydrogen gas was purged from the hydrogen side. The variations of voltage 
and current (Figure 44) were recorded over time, initially at open circuit and then after 
connecting a fixed load. The cell had an open circuit voltage of 0.7 V.  
In this case, unlike a normal URFC with a continuous hydrogen gas supply connected to a 
constant ohmic load, the voltage never reached a positive steady value at a given applied 
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load. For a constant load of 100 Ω, it can be seen in Figure 28 that the voltage and current 
both drop to zero as time passes. 
It would appear then that the quantity of hydrogen available from the MH storage electrode is 
quickly declining over time. Estimation of how much hydrogen has been supplied from the 
storage electrode in this test will be conducted in Chapter 6, along with a discussion of the 
possible form in which the hydrogen is provided: that is, hydrogen gas, atomic hydrogen or 
protons. 
Due to the dependence of measured values on time in this mode of operation, the values are 
not shown on VI curve. After stopping the test and disconnecting the load, the open circuit 
voltage increased again to 0.68 V.  
 
Figure 44: MH-NiMesh, FC-mode, V and I over time 
5.4.3 URFC with MH Powder 1 electrode 
The URFC with the MH powder 1 electrode was tested in same manner as the previous 
modified URFC by increasing voltage and recording variations of current over time in E-
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mode and by connecting ohmic load and recording variations of voltage and current in FC-
mode. 
This cell was tested three times both in E-mode and FC-mode (six tests in total) and the 
indices Test 1, Test 2, and Test 3 in the test results indicate these three tests cycles. 
Like a normal URFC, peaks in current for each voltage step were observed in E-mode, as 
shown in Figure 45. No significant, stable, positive current was recorded before 1.9 V. Once 
the applied voltage had reached ~0.7 V, the current had a small positive value, but below 1.9 
V these values were not significant enough for any macroscopic observations of oxygen or 
hydrogen gas generation. 
Figure 45 show a close-up for the first 100 minutes of this test and corresponding VI curve is 
shown in Figure 46. In Figure 46, the points represent the steady state current for each 
voltage step and smooth line is the best fit curve for these points.  
 
 
Figure 45: First 100 mins of the E-mode test of MH Powder 1 in Test 1 
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Figure 46: Corresponding VI curve for the first 100 mins of MH Powder 1, Test 1, E-mode 
 
 
Figure 47: MH Powder 1-A, Test 1, E-mode 
0
500
1000
1500
2000
2500
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
V 
(m
V)
 
I (mA) 
MH Powder 1, Test 1, E-mode VI Curve 
-500
0
500
1000
1500
2000
2500
3000
0
20
40
60
80
100
120
140
0:00:00 4:00:00 8:00:00 12:00:00 16:00:00 20:00:00
m
V 
m
A 
Time (h:min:s) 
 MH Powder 1, Test 1, E-Mode 
Current (mA) Voltage (mV)
68 
 
At 1.9 V, the applied voltage was kept constant and an increase in current from 3 mA to 10 
mA over almost 4 hours was recorded. When the current reached an almost constant value, 
the voltage was increased to 2.3 V. Possible explanations of this changing performance over 
time at a fixed applied voltage will be explored later in Chapter 6. 
After 6 hours from the start, the amounts of collected oxygen and hydrogen were 30 and 55 
(±1) cm3 respectively.  If the cell was working just like a normal electrolyser, the amount of 
collected hydrogen gas should have been 60 cm3, twice the amount of oxygen. 
This 9% difference in the amount of collected hydrogen gas, which is considerably greater 
than the error range in the gas volume measurements, may be indicating that some of the 
hydrogen produced has either directly entered the electrode and formed MH, or formed 
hydrogen that has subsequently dissociated and then been absorbed into the metal material to 
form MH. This possibility will be further discussed in Chapter 6. 
Compared to the normal URFC, this cell exhibits lower currents for the same applied 
voltages and lower rates of oxygen and hydrogen gas generation. 
After stopping the E-mode and disconnecting the power supply, the cell had a voltage of 
around 1.4 V. In FC-Mode, hydrogen gas was purged from the hydrogen side before 
connecting the load and starting the V-I measurements over time. There was also some water 
collected on hydrogen side, which was drained as well. 
The peaks and steps in Figure 48 represent the load variations. By decreasing the resistance 
of the load, the current increased and the voltage dropped. After 100 mins the load was 
disconnected and the cell still was capable of generating 0.6 V. 
Again, due to dependence of measured values on time in FC-mode, the corresponding VI 
curve in this mode is not available. 
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Figure 48: MH Powder 1, Test 1, FC-mode test and load variations 
Compared to the normal URFC in FC-mode, the performance of this cell showed more 
dependence on time, and a lower-grade performance as a fuel cell, which means lower 
voltage for the same current. However, it was less dependent on the presence of the external 
hydrogen gas source. Compared to MH-NiMesh this cell had a better performance in FC-
mode in terms of sustaining a higher current for longer periods of time. 
The same cell was straightaway set again for another test in E-mode (that is, URFC with MH 
powder 1, Test 2) without allowing for any drying out. This time, instead of increasing 
voltage in steps in E-mode, it was set immediately to the last highest voltage i.e. 2.3 V as the 
main interest was in the long term behaviour of the cell and looking for any difference 
between hydrogen and oxygen generation which was easier to record at higher voltages.  The 
corresponding variations of voltage and current over an extended period of time of 16 h are 
shown in Figure 49. 
Like the first E-mode test for this cell, it took 4 hours for the current to reach a maximum of 
approximately 120 mA at 2.3 V.  
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Figure 49: MH Powder 1, Test 2, E-mode 
In FC-mode, a constant resistive load of 100 Ω was used instead of changing it, and the 
decline in voltage and current over time was observed, as the rate of hydrogen supply from 
the storage electrode also fell with its discharge (Figure 50). 
For the next charge cycle test (MH powder 1, test 3), the hydrogen side of the same cell was 
filled with water to investigate what effect this wetting had on performance in both E and FC 
modes. The results obtained for the extended high-voltage test in E-mode are given in Figure 
51, and those in FC-mode in Figure 52. It again took 4 hours to reach the maximum current. 
However, the maximum current reached was lower (90 mA compared to 120 mA). The 
performance in FC-mode was almost the same. Detailed analysis of the results will be 
provided in Chapter 6. 
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Figure 50: MH Powder 1, test 2, FC-mode 
 
 
Figure 51: MH Powder 1, E-mode test 3 with hydrogen side filled with water 
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Figure 52: MH Powder 1, FC-mode test 3 with hydrogen side filled with water 
 
5.4.4 URFC with MH Powder 2 electrode 
The URFC with MH powder 2 electrode was subjected to the same set of tests as for the 
URFC with MH powder 1 electrode. 
In E-mode, it showed the same current jumps when increasing the voltage (Figure 53). 
Compared to the normal URFC, it had lower currents for the same given voltages. But 
compared to MH Powder 1, it achieved higher currents for the same voltages and in shorter 
periods of time (1 hour compared to 4 hours), indicating overall improved performance. 
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Figure 53: MH Powder 2, Variations of voltage and current over time for E-mode test 1 
 
Figure 54: MH Powder 2, E-mode test 1 V-I best fit curve 
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Figure 54 shows the best fit VI curve for this test. The points in this figure represent the 
steady-state current for each voltage step. 
The cumulative amount of oxygen gas collected after 1 hour 30 min was 30 (±1) cm3, and 
that of hydrogen gas 50 (±1) cm3, as shown in Figure 55. In the normal URFC, the 
corresponding expected amount of hydrogen produced would have been 60 cm3, so the actual 
amount collected showed a significant 16% difference, compared to the 9% difference for 
URFC with MH Powder 1.  
 
Figure 55: MH Powder 2, E-mode test 1, gas collection over time 
In FC-mode (Figure 56), hydrogen gas was purged from the hydrogen side and yet the cell 
had an open cell voltage of ~1.3 V. During the test, the load resistance was lowered, which 
caused voltage drops in Figure 56. At the end of the test, although there was no external 
hydrogen gas source available, the cell gave an open circuit voltage of 0.9 V. 
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Figure 56: MH Powder 2, FC-mode test 1 
Although this cell showed a better performance in E-mode compared to MH Powder 1, its 
performance in FC-mode was inferior to MH Powder 1 in terms of stability over time. In the 
URFC with MH powder 2 cells, the current dropped to 2 mA after 7 minutes compared to the 
2 hours taken for a similar drop in the URFC with MH Powder 1. 
The same cell was tested again in E-mode but instead of increasing voltage in steps, it was set 
immediately to a high voltage (i.e. 2.1 V) and the variations of current and gas collection 
were recorded over time. As this test only represents two voltages, the V-I characteristic is 
not available. 
It still took more than one hour before reaching the maximum current of 120 mA although it 
is faster compared to the four hours taken for the URFC with MH Powder 1.  
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Figure 57: MH Powder 2, E-mode test 2, V-I over time 
 
Figure 58: MH Powder 2, E-mode test 2, gas collection 
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The 16% difference between collected hydrogen gas and that which would be expected 
compared to generated oxygen gas was repeated in the second E-mode test as well. 
 
Figure 59: MH Powder 2, FC-mode test 2 
In second FC-mode test, hydrogen side was purged from hydrogen gas as well. The cell had 
an open cell voltage of ~1.3 V in the beginning of the test and was able to reproduce 0.9 V 
after disconnecting the load at the end in spite of no hydrogen gas source presence. The 
voltage variations Figure 59 are due to load variations. 
5.4.5. URFC with MH-Nafion electrode 
The MH-Nafion composite electrode was tested over three cycles of E-mode and FC-mode 
operation. 
Figure 60 shows the variations of current over time for different voltages. The corresponding 
VI characteristic curve for this range of voltage is shown in Figure 61. This cell gave a much 
lower current compared to the normal URFC, MH-NiMesh, MH Power 1, and MH Powder 2 
for the same given voltages.  
0
200
400
600
800
1000
1200
1400
0
2
4
6
8
10
12
00:00:00 00:07:30 00:15:00 00:22:30 00:30:00 00:37:30
Vo
lta
ge
 (m
V)
 
Cu
rr
en
t (
m
A)
 
Time (h:min:s) 
MH Powder 2, Test 2, FC-Mode 
Current Voltage
78 
 
 
Figure 60: MH-Nafion, E-mode test 1, low currents detail 
 
Figure 61: MH-Nafion, E-mode test 1, VI curve for lower currents 
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Figure 62 shows the first E-mode test for this cell after increasing the voltage to 2.0 V and 
running the test for 15 hours. 
 
Figure 62: MH-Nafion, E-mode test 1 
This cell showed a significantly lower maximum current of 7 mA in E-mode at 2.0 V 
compared to other cells. It also took 8 hours to reach this maximum. Possible explanations for 
this effect are covered in Chapter 6. 
Interestingly, in E-mode, the generation of hydrogen gas production was suppressed to a 
much greater level compared to the other cells, and was even less than oxygen gas 
generation, as shown in Figure 63. 
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Figure 63: MH-Nafion, E-mode test 1, amount of collected hydrogen and oxygen over time 
Figure 64 shows the variations of voltage and current over time in FC-mode for a constant 
load of 100 Ω. In FC-mode, the discharge capacity was lower than the URFCs with MH 
Powder 1 and MH Powder 2, in spite the possibly greater hydrogen absorption in the MH 
material. To try to improve the performance in FC-mode, the cell (which contains the MH-
Nafion electrode) was heated to stimulate release of hydrogen from the MH material. 
Nevertheless, no the performance improvement could be observed. 
The second E-mode test had almost the same characteristics. As shown in Figure 65, current 
reached a maximum of 6 mA after 8 hours, which is slightly lower than the 7 mA for the first 
E-mode test. 
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Figure 64: MH-Nafion, FC-mode test 1 
 
Figure 65: MH-Nafion, E-mode test 2 
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Figure 66 shows the amount of collected oxygen and hydrogen over time. After 6 hours, no 
hydrogen gas generation could be recorded, while 3 cm3 oxygen was collected in the 
cylinder. After almost 13 hours the amount of collected oxygen and hydrogen were 13 and 3 
±1 cm3 respectively, which were the same as in the first E-mode test. So there was clear 
evidence with this cell that while the electrolysis reaction was taking place, albeit at a 
relatively slow rate, hydrogen gas formation was strongly suppressed. Hence it is probable 
that hydrogen was entering and being stored in the MH material to a much higher degree than 
with the other cells.  
 
Figure 66: MH-Nafion, E-mode test 2, amount of collected hydrogen and oxygen over time 
For the FC-mode, hydrogen side was purged and there was also a little amount of water 
collected on hydrogen side. The variation of voltage and current over time for a constant load 
of 5 Ω is shown in Figure 67. 
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Figure 67: MH-Nafion, FC-mode test 2 
In the third E-mode test (Figure 68) the maximum current reached was 3.2 mA after almost 
an hour, which was lower compared to the first two E-mode tests for this cell (7 and 6 mA). 
After 10 hours, the applied voltage was increased to 2.1 V and the current more than doubled, 
reaching a maximum of 17 mA after another 8 hours (18 hours total). Although the increase 
in current was very significant for this test, the maximum attained was still very low 
compared to other cells including normal URFC, MH-NiMesh, MH Powder 1, and MH 
Powder 2. 
As shown in Figure 69, the amount of hydrogen gas generation was still lower than oxygen 
for this test as well. 
Figure 70 shows the variations of voltage and current over time in the third FC-mode test. 
The performance in the third FC-mode test was almost the same as the first two tests. 
At the end of the test, no macroscopic change (calliper precision: 0.05 mm) in thickness was 
observed after taking the electrodes out. However, more accurate measurements are 
recommended to assess the level of degradation of the electrode. 
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Figure 68: MH-Nafion, E-mode test 3 
 
Figure 69: MH-Nafion, E-mode test 3, amount of collected hydrogen and oxygen over time 
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Figure 70: MH-Nafion, FC-mode test 3 
5.5 Conclusion  
The experimental data obtained from the four manufactured URFCs with integrated MH 
electrodes for their voltage-current-time characteristics, and hydrogen and oxygen gas 
evolution in E-mode, and their voltage-current-time characteristics in FC-mode, have been 
presented in this chapter. All cells except the MH-NiMesh exhibited some signs of direct 
hydrogen absorption in the storage electrode in E-mode, and all cells were able to supply 
current over time without an external hydrogen gas supply to some degree. All cells showed 
the similar behaviour of an increasing current over time for a given applied voltage, up to a 
maximum value.  
A thorough study of these experimental data is now needed to assess the hydrogen storage 
and discharge performance of the cells tested, seek possible explanations for the main 
features of the results obtained, and identify the best designs for future development.   
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6. Analysis 
 
6.1 Overview 
This chapter provides a more in depth analysis of the test results for individual cells and also 
a comparison of different performance aspects for all the cells. The main performance 
features compared are: 
• the equivalent capacitance of the cells, 
• hydrogen gas generation and hydrogen absorption in E-mode, 
• effect of water level in the electrodes, 
• the maximum current reached in E-mode, 
• the open circuit and maximum current attained in FC-mode, and 
• the discharge capacity in FC-mode, 
Some tentative hypotheses are also proffered to explain the observed behaviour of the 
various cells in both operational modes. 
 
6.2 Capacitance calculations 
As mentioned earlier in section 5.4, the URFC cells showed a transient behaviour in E-mode 
for each step of voltage increment. A detailed view of this behaviour for the normal URFC is 
shown in Figure 71.  The jumps in the current are due to the effective capacitance of the cell 
assembly. To study the level of contribution of this capacitance as an energy-source in FC-
mode, its magnitude was estimated using the available current-time curves. 
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Figure 71: V-I variations over time for E-mode of normal URFC at three voltage steps 
For analysing the electrical properties of fuel cells different models have been proposed as an 
equivalent electrical circuit for URFCs and fuel-cells (Yuan et al. 2007; Pathapati et al. 2005; 
Wang et al. 2005; Adzakpa et al. 2008). The equivalent circuit used in this project for 
evaluating the magnitude of capacitance in E-mode is shown in Figure 72. In this figure, V 
represents the variable DC voltage source. 
 
Figure 72: Equivalent circuit of URFC in E-mode 
1200
1250
1300
1350
1400
1450
1500
1550
1600
0
5
10
15
20
25
30
35
40
45
50
0:22:00 0:27:00 0:32:00 0:37:00
Vo
lta
ge
 (m
V)
 
Cu
rr
en
t (
m
A)
 
Time (h:min:s) 
V-I variations over time for E-mode of normal URFC at three voltages 
Current Voltage
88 
 
The calculations for finding the time-domain response of such a circuit to a step voltage are 
provided in Appendix A. The final formula for current over time is: 
𝑖(𝑡) = [𝑉1 − 𝑉0] � 1𝑅1 − 1𝑅1+𝑅2� 𝑒−(𝑅1+𝑅2)𝑡𝑅1𝑅2𝐶 + 𝑉1𝑅1+𝑅2                       Eq. 22 
where V0 is the initial value of the external applied DC voltage before increasing it to a 
constant value of V1. 
To estimate the best-fit values of R1, R2, and C for the cells studied in these experiments, 
curve fitting using Eq. 22 was applied to the experimental i(t) versus t curves. The best fit 
curve has the following formula: 
𝑖(𝑡) = 𝛼𝑒−𝛽𝑡 + 𝛾(𝑡)                           Eq. 23 
By finding the values of α, β, and γ that gave the best fit to the experimental curve, and also 
knowing the values of the initial and final voltage (V0 and V1), it is possible to find the values 
of R1, R2, and C by solving the following set of equations 
𝛼 = [𝑉1 − 𝑉0] � 1𝑅1 − 1𝑅1+𝑅2�                          Eq. 24 
𝛽 = −(𝑅1+𝑅2)
𝑅1𝑅2𝐶
                            Eq. 25 
𝛾 = 𝑉1
𝑅1+𝑅2
                             Eq. 26 
Figure 73 shows the best curve fit for three different voltage steps for the normal URFC. It 
should be noted that although in the actual test these steps were consecutive, in Figure 73 
they are all represented with a start time of ‘t=0 s’ to show only the time-domain response of 
each change in voltage. 
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Figure 73: Curve fit in Matlab for current variation in the normal URFC over time for three 
different voltages of 1.45 V (fit 1), 1.55 V (fit 2), and 1.63 V (fit 3) 
Table 8 summarises the parameters of each best fit curve and the calculated variables for 
these three steps. 
Table 8: Best fit curve and calculated equivalent circuit parameters for the normal URFC 
Normal URFC Fit 1 Fit 2 Fit 3 
Start Voltage (V0) 1.4 1.45 1.55 
Final Voltage (V) 1.45 1.55 1.63 
    α 0.0031 0.008238 0.01347 
β 0.009996 0.01326 0.01005 
γ 0.003831 0.006999 0.01285 
    R1 (Ω) 15.5 11.5 5.7 
R2 (Ω) 363 210 121 
C (F) 6.7 6.9 18.4 
 
This calculated capacitance includes that due to conventional electrostatic charge separation 
and also the electrochemical double-layer charge separation. The conventional capacitance 
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resulting from electrostatic charge-separation for two plates with area of A and a distance of 
d from each other can be estimated by the following formula: 
𝐶electrostatic = 𝜀𝑟𝜀0 𝐴𝑑                           Eq. 27 
where 𝜺 is the relative permittivity of the material filling the space between the two plates and 
𝜺0 is the electric constant or vacuum permittivity (Purcell 2011). 
ε0 ≈ 8.854 × 10−12 𝐹.𝑚−1                          Eq. 28
       
For a fuel cell, the space between the plates is filled with silicon seals (𝜺r=12), Nafion 
membrane (Teflon 𝜺r=2), carbon electrodes (Graphite 𝜺r=15), and water (𝜺r=80 
liquid@20°C) (Purcell 2011). 
To estimate the maximum electrostatic capacitance of the URFC used in this project, let us 
assume that all the space between the plates is filled with the material with highest relative 
permittivity, that is, water with 𝜺r=80. 
𝐴 = 72 𝑚𝑚 × 84 𝑚𝑚 = 6.048 × 10−3 𝑚2                       Eq. 29 
𝑑 = 0.7 𝑚𝑚                            Eq. 30 
𝐶electrostatic = 𝜀𝑟𝜀0 𝐴𝑑 = 80 × 8.854 × 10−12 × 6.048 ×10−30.7 ×10−3 = 6.1 × 10−9𝐹                 Eq. 31 
This estimate shows that the capacitance effect of the URFC is dominated by its double-layer 
capacitance (6.1 nF for the electrostatic capacitance compared with 6 to 18 F for the double-
layer capacitance). 
As shown in Table 8, as the voltage increment increases, the equivalent capacitance also 
increases and the equivalent resistances resistance decrease. The likely explanation is that, as 
the voltage increases, more protons go through the Nafion membrane and this increases the 
charge separation density, which explains the rise in the capacitance as the voltage increases. 
At the same time, an increase in the voltage provides more energy for overcoming the 
activation barrier of water splitting and hence decreases the resistance associated with it. The 
increase in capacitance and decrease in resistance when the voltage increases are also 
reported in the literature when AC impedance spectroscopy is used (Yuan et al. 2007). 
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Figure 74 and Table 9 show the corresponding calculations for MH Powder 1-A in E-mode 
and for the same range of voltage. 
 
Figure 74: Curve fit in Matlab for MH Powder 1-A current variation over time for three 
different voltage increments. 1.43 V, 1.53 V, and 1.61 V. 
Table 9: Best fit curve and calculated equivalent circuit parameters for MH Powder 1 
MH Powder 1 Fit 1 Fit 2 Fit 3 
Start Voltage (V0) 1.3 1.43 1.53 
Final Voltage (V) 1.43 1.53 1.61 
    α 0.000777 0.000597 0.000691 
β 0.01611 0.01291 0.01549 
γ 0.00121 0.001271 0.001448 
    R1 (Ω) 147 147 104 
R2 (Ω) 1035 1056 1007 
C (F) 0.48 0.6 0.68 
 
Compared to the normal URFC, this cell shows higher resistance (147 compared to 15 Ω for 
R1 and 1035 compared to 363 Ω for R2), which explains the lower currents. Since the current 
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is lower, the electrochemical charge-separation density is also lower and so the double-layer 
capacitance. In addition, the double-layer capacitance is proportional to the number of surface 
active sites of the catalyst layer (Song et al. 2008). Importantly, the catalyst particle size for a 
normal URFC is in the range of 10 nm (Borup et al. 2006), which provides a much more 
active area for charge separation compared to a particle size of 50 µm for the MH material. 
In FC-mode, the equations for calculations of capacitance are the same. The only difference 
is that in this mode voltage is generated by the cell, as shown in Figure 75. 
R1 CVFaradaic
R2
URFC
RLoad
 
Figure 75: Equivalent open circuit of URFC in FC-mode 
As mentioned earlier, these calculations were done in order to estimate the level of 
contribution of this capacitance in FC-mode and to differentiate it from the energy provided 
by the hydrogen stored in the MH electrode. 
Although the energy provided in both of these two cases is in the form of hydrogen, for the 
capacitance effect the charge stored is in the form of H+ ions attracted to and held attached to 
negative charge on the electrode particles. It is only in the MH electrode that there is an 
electrochemical reaction and storage of hydrogen taking place as a hydride. 
The only time this capacitor can work as an external energy-source is at the very beginning of 
the FC-mode test when it still holds the charge that came from the external power source in 
E-mode. This capacitance is present throughout the FC-mode test period, and after exhausting 
its initial charge it will be further charged by the faradaic reduction of hydrogen. Hence, any 
discharge in FC-mode after this initial discharge of the capacitor can be related to hydrogen 
storage capacity of the cell. This process can be formulated as: 
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𝑄𝐹𝐶 = 𝑄𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 + 𝑄𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟                         Eq. 32 
𝑄𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 = 𝑄𝐹𝐶 − 𝑄𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟                         Eq. 33 
QFC is the total charge transfer during discharge in FC-mode. QHydrogen is the charge generated 
by reduction of stored hydrogen, and QCapacitor is the initial charge of the capacitor, that is: 
𝑄𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 = 𝐶𝑉0                           Eq. 34 
where V0 is voltage of the cell in the beginning of the FC-mode and C is the capacitance at 
that voltage. 
Table 10 summarises the calculated values of C at the start time of FC-mode for different 
cells. These values will be used later for estimation of the hydrogen discharge capacity of the 
cells. MH Powder 1 shows a higher capacitance and a lower resistance, partly because the 
values are calculated at a higher voltage. For MH-Nafion, although its voltage is less than 
MH Powder 2, it shows higher capacitance which suggests a more effective charge separation 
capacity for this electrode. 
Table 10: Capacitance of different cells at the start of FC-mode test 
Electrode V C (mF) R1 (Ω) R2 (Ω) 
MH Powder 1 1.4 650 138 1110 
MH Powder 2 1.1 30 920 2580 
MH-Nafion 0.9 38 873 3533 
 
6.3 Hydrogen gas generation and hydrogen absorption in the MH electrode 
6.3.1 Observations 
In all the modified URFCs with integrated MH material (in any form), the cells produced 
hydrogen gas as well as oxygen in electrolyser mode to some extent, although importantly in 
all cells with integrated storage electrodes, except the URFC with MH-NiMesh electrode, the 
quantity of hydrogen gas produced was significantly lower than that expected on the basis of 
the conversion of all the hydrogen in the water molecules split into gas rather some other 
form of hydrogen. This reduction in hydrogen gas production is clearly shown in Table 11, 
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which compares the amount of generated hydrogen in E-mode of the various cells at 
atmospheric pressure, with that expected if all the hydrogen in the water molecules split was 
converted into hydrogen gas. The accuracy of the measuring cylinders was ±1 cm3 (2% full-
scale) and the measured differences were significantly greater than the error ranges in the 
volumetric measurements. In terms of the purity of the generated hydrogen, considering the 
low current densities and working temperature (less than 30°C), and based on the reported 
results in literature (Ito et al., 2011), the purity of the hydrogen is expected to be above 97%. 
However, more accurate tests are recommended for further studies. 
Table 11: Amount of generated hydrogen and oxygen in E-mode of different cells at 1 atm. 
Expected H2 refers to the volume of hydrogen gas that would have been produced if all the 
hydrogen in the water molecules split ended up as gas. 
Cell Generated 
H2 (cm3) 
Generated 
O2 (cm3) 
Expected 
H2 (cm3) 
Difference 
(cm3) 
Difference 
(%) 
Normal URFC 60 30 60 0 0 
MH-NiMesh 40 20 40 0 0 
MH Powder 1 55 30 60 5 8 
MH Powder 2 (1st cycle) 50 30 60 10 17 
MH Powder 2 (2nd cycle) 46 28 56 10 18 
MH-Nafion (1st cycle) 5 15 30 25 83 
MH-Nafion (2nd cycle) 14 28 56 42 75 
MH-Nafion (3rd cycle) 10 25 50 40 80 
 
As the MH material is a metallic compound, a catalytic effect of the constituent metals on 
hydrogen gas production was expected. Such a catalytic effect would particularly be expected 
with the type of MH used in these experiments since it had more than 55% nickel in it. Nickel 
is in group 10 of transition metals in the periodic table, the same group as palladium (Pd) and 
platinum (Pt), which are both very good catalysts for hydrogen generation, and thus is itself 
quite a good catalyst for this reaction. 
However, except in the case of MH-NiMesh electrode, a difference between collected 
hydrogen gas and expected amount of hydrogen based on generated oxygen gas was 
observed. The generated volume of hydrogen in a normal electrolyser is twice the volume of 
generated oxygen at atmospheric pressure. It should be noted that for MH-NiMesh, as it also 
had a nickel mesh for supporting the MH material, the higher density of nickel present in the 
cell would be expected to increase the rate of hydrogen gas formation, as indeed was 
observed. 
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The MH-Nafion electrode had the best performance in terms of suppressing the hydrogen gas 
generation with the difference being around 80%. In the MH Powder 2 electrode, where MH 
powder was hot pressed onto Nafion membrane, this difference was around 18%. For the MH 
Powder 1 with MH powder packed (not hot pressed) on hydrogen side, the difference was 
around 8%. These differences were also repeated in E-mode after consecutive charge-
discharge cycles. 
The observed difference between actual hydrogen gas production and that predicted on the 
basis of the integrated charge flow using Faraday’s law strongly suggests that some of the 
hydrogen during the electrolysis was somehow absorbed in the MH-material in E-mode. The 
greater the difference, the more hydrogen is likely to have been absorbed in the MH material. 
The rank order of the modified URFCs with integrated storage electrodes in terms of 
hydrogen absorption during E-mode was as shown in Table 12. The mass percentage of the 
stored hydrogen to the mass of the MH electrode is also provide in this table 
Table 12: MH electrodes ranked in terms of hydrogen absorption in E-mode 
Rank Electrode 
Hydrogen 
Absorption 
(absorbed/faradaic 
generation) 
Hydrogen 
Absorption 
Wt.% 
(H/M) 
1 MH-Nafion 80% 
0.619% 
2 MH Powder 2 18% 0.147% 
3 MH Powder 1 8% 0.071% 
4 MH-NiMesh 0% 0.000% 
 
Significantly the highest hydrogen storage capacity was 0.62 wt% H/M for the MH-Nafion 
electrode. Considering that the cell was not under pressure, this capacity is reasonably high 
when compared to the 1.3% wt% value for the metal hydride used obtained from separate 
hydrogen gas absorption experiments (Chan & Tsai 2011). It should also be noted that this 
amount of hydrogen storage was achieved after limited hours of operation (around 20 hours), 
and the charging reaction was still taking place at the end of that time. Hence further charging 
may have led to the attainment of a higher maximum hydrogen storage capacity for this MH-
Nafion electrode. 
96 
 
6.3.2 Tentative hypotheses 
As discussed in the previous section, MH electrodes showed some clear signs of hydrogen 
absorption in the electrode material in E-mode, while at the same time there remained some 
hydrogen gas production. Possible mechanisms for this simultaneous hydrogen production 
and absorption are suggested in this section. 
Production of hydrogen gas in a normal PEM electrolyser with catalyst layer on hydrogen 
side happens at the ‘three-phase boundary’ inside the catalyst layer. Figure 76 shows a 
schematic representation of such boundary. Three-phase refers to the boundary of Nafion 
membrane, catalyst, and free space. At this interface, the Nafion medium allows the flow of 
protons coming from the oxygen side. Catalyst particles provide the surface for reaction of 
protons and electrons to form hydrogen atoms. The free space is necessary for the formation 
of hydrogen molecules and transport of the generated gas out of the electrode. Some sort of 
electrical conduction is also needed to provide the electrons. 
 
Figure 76: Schematic details of the three phase interface in catalyst layer of a PEM 
electrolyser 
It should be noted that the representation of charge transfer through the Nafion membrane as 
single protons is a simplification. In reality, as discussed in chapter 3, three different 
mechanisms contribute to proton diffusion in Nafion: namely, proton hopping between SO3- 
groups along the surface of the polymer backbone, Grotthuss diffusion involving exchange of 
97 
 
H+ ions between neighbouring water molecules, and ordinary mass diffusion of hydronium 
ions (Choi et al. 2005). 
In a normal PEM electrolyser or fuel cell, current collectors and electrically conducting gas 
diffusion backing material provides the flow of electrons. However, in the modified URFCs, 
the M particles provide a medium for transport of electrons at the same time as being the host 
for hydrogen storage through formation of M-H bonds. The interface of MH material and 
Nafion membrane, and two possible mechanisms for simultaneous production and absorption 
of hydrogen, are shown schematically (and not to scale) in Figure 77 and Figure 78. 
 
Figure 77: First possible mechanism and the steps for production and absorption of hydrogen 
in MH electrodes. 1: Hydrogen catalysis by M at the interface, 2: Hydrogen dissociation on M 
particles, 3: MH formation. Representation of the H, MH particles etc. is not to scale. 
In the first possible mechanism (Figure 77), the MH material in contact with the membrane 
acts like a normal catalyst and provides the surface for protons to join in pairs with two 
electrons to form hydrogen gas: 2𝐻+ + 2𝑒− → 𝐻2                           Eq. 35 
As this reaction proceeds and enough gas is produced, the voids in the bulk of the electrode 
are filled with hydrogen gas at up to atmospheric pressure. The MH particles then start to 
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absorb hydrogen gas according to the PCI curves for this material (see Chapter 3, Figure 6). 
In this process, it is generally held that each hydrogen molecule first splits into atoms on the 
surface of M particles (Zuttel et al. 2008): 
𝐻2 + 𝑀 → 2𝐻 + 𝑀                           Eq. 36  
Then the H atoms diffuse inside the bulk M material and form MH: 
𝐻 + 𝑀 → 𝑀𝐻                            Eq. 37 
The level of absorption is limited to the working pressure, which is atmospheric pressure. 
A second possible mechanism (Figure 78) is the direct absorption of hydrogen ions into the 
M particles through their surfaces, followed by diffusion into the bulk of the M particles, and 
eventual formation of M-H bonds within the material, without forming hydrogen molecules 
as an intermediate step, that is: 
𝐻+ + 𝑒− + 𝑀 → 𝑀𝐻                           Eq. 38 
 
Figure 78: Second possible mechanism and the steps for production and absorption of 
hydrogen in MH electrodes. 1: MH formation at the interface, 2: Hydrogen desorption, 3: 
hydrogen gas formation. Representation of the H, MH particles etc. is not to scale. 
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At this stage, it is not clear here whether the H+ ions are neutralised by electrons to form H 
atoms on the surface of the M particles, where indeed it would be expected that the electron 
charge density would be high as a result of the applied negative potential onto this electrode, 
and then subsequently diffuse into the bulk material as neutral H atoms; or whether H+ ions 
do move to some degree into the bulk material as ions  before joining with a free electron to 
bond to a particular M atom. Alternatively both these processes could take place to some 
degree. Elucidation of the dominant reactions here will be an interesting question to address 
in future research. 
Even after formation of M-H bonds, the reverse decomposition reaction would also be 
expected to occur to some extent: 
𝑀𝐻 → 𝑀 + 𝐻                            Eq. 39 
Some H atoms returning to the surface of the M particles would then form hydrogen gas, 
since there is a very low pressure in the voids between the M particles, and in line with the 
PCI diagram for this material (see Chapter 3, Figure 6): 2𝐻 → 𝐻2                           Eq. 40 
So equilibrium between the forward charge reaction to form the MH, and the reverse 
discharge reaction to form H2 gas, would be expected to be achieved. The produced hydrogen 
gas can further diffuse into the bulk of electrode to form MH or go out of the cell and be 
collected. 
From the experiments conducted to date, there is insufficient information available to be able 
to estimate the relative contribution of the processes of hydrogen absorption as gas or protons 
to the amount of hydrogen stored in these electrodes.  
The two mechanisms of hydrogen absorption just outlined are more applicable to describing 
the E-mode cycle of the MH Powder 1 and MH Powder 2 electrodes where there are voids 
present among the M particles. However, they may still apply to the hydrogen gas formation 
process in the MH-NiMesh and MH-Nafion electrodes, but with a slight difference. 
For the MH-NiMesh electrode, although the MH particles were pressed together and stuck to 
the nickel mesh, the presence of the nickel mesh and the non-uniform distribution of MH 
material in the electrode would still have provided space for hydrogen gas formation. 
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For the MH-Nafion electrode, as the test results showed, hydrogen generation was suppressed 
to a much greater extent compared to the other electrodes. A possible explanation of this 
result is that the voids among the MH particles were predominantly filled with Nafion, thus 
inhibiting H+ ions joining in pairs with electrons at the junctions between the Nafion and the 
M particles, as shown in Figure 79. However, a few cracks left in the electrode while hot 
pressing it onto the membrane, and also at the edges of the electrode, would probably have 
still provided some space for hydrogen gas formation. Indeed some hydrogen gas formation 
was observed, though proportionately to the oxygen generation much less than with the other 
electrodes. 
 
Figure 79: Schematic view of MH-Nafion electrode with inter-particle voids filled with Nafion. 
1: protons transferred by hydronium ions, 2: Grotthuss diffusion of protons, 3: hydrogen gas 
formation around the edges where three-phase boundary is present 
Another possible explanation of the low rate of hydrogen gas formation could be that in the 
composite Nafion-MH electrode the area of direct contact between the Nafion medium and 
the M particles is maximised, thus encouraging the direct ingress of H+ ions, after 
neutralisation into H atoms at the contact surface, into the bulk of the M particles to form 
MH. 
A further interesting feature of the URFC with the composite Nafion–MH electrode is 
whether the build-up of water in the Nafion medium eventually starts to limit the further 
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ingress of hydronium ions. As illustrated in Figure 79, protons approach the MH particles in 
the form of hydronium ions. When, as desired, protons join with electrons and bond with the 
M atoms, the carrier water molecules are left in the Nafion. As the MH particles themselves 
do not absorb the water molecules and there is also no pathway for the water to exit the 
Nafion medium in the composite electrode (as would happen readily in a normal PEM 
electrolyser), it would seem reasonable to assume that the Nafion medium will over time 
become saturated with water, and the further ingress of hydronium ions from the Nafion 
membrane will cease. This process may also help to explain the relatively low currents in E-
mode tests of the MH-Nafion electrode compared to the other electrodes. However, hopping 
of the protons between adjacent immobile water molecules, by the Grotthuss mechanism is 
still an option for continued transport of the protons. The dragging of water molecules to the 
hydrogen side of a PEM electrolyser is a well-established effect, so if is there is no exit point 
provided for these molecules from the composite electrode, the overall movement of protons 
from oxygen to hydrogen side in E mode would be expected to come to a halt quite quickly. 
6.4 Variations of current over time and effect of water 
6.4.1 Observations 
Another difference between the modified URFCs (except MH-NiMesh) and the normal 
URFC was that with the former the current increased over an extended period of time for a 
constant given voltage in E-mode. Table 13 summarises the maximum currents reached and 
the time taken to reach that maximum for modified URFCs with MH material. 
For the same range of voltages, the URFC with MH Powder 2 had the highest currents and 
shortest period for getting to those current.  On the other hand, the URFC with MH-Nafion 
had the lowest currents and the longest time taken to reach the maximum currents. 
Possible explanations for this increase over time and the difference of the cell in the 
maximum current reached are discussed in the next section. 
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Table 13: Maximum currents reached over time for modified URFCs with MH material 
Electrode E-Mode cycle Maximum Current (mA) Voltage (V) Time Taken 
(h:min:s) 
MH-NiMesh 1 6 1.7 -- 
  12 1.99 -- 
  21 2.2 -- 
  70 2.5 -- 
MH Powder 
1 
1 7 1.9 4:30:00 
120 2.3 4:00:00 
2 120 2.3 4:00:00 
3 (Water on hydrogen side) 90 2.3 7:00:00 
MH Powder 
2 
1 100 2.11 1:00:00 
125 2.16 0:30:00 
150 2.2 0:30:00 
2 125 2.11 1:15:00 
MH-Nafion 1 7 2 8:00:00 
2 6 2 8:00:00 
3 3 2 1:00:00 
17 2.1 7:00:00 
 
6.4.2 Tentative hypotheses 
One possible explanation for the current increase over time at a constant voltage would be 
that the current increase is due to water accumulation on the hydrogen side, providing 
increased pathways for proton transport from the Nafion membrane into the MH electrode. 
However, in the third E-mode test of MH Powder 1, the hydrogen side was filled with water 
from the beginning and the increase in the current over time could still be observed. This 
suggests that the increasing accumulation of water is not the main reason for this effect. 
The other explanation is some sort of activation reaction. This activation time is observed in 
the tests of Ni-MH batteries (Chen et al. 2002; Wang et al. 2007). As time passes and the MH 
material absorbs some hydrogen, the properties and chemical composition of the surface of 
the particles change in such a way as to increase the reaction rates, either the rate of hydrogen 
absorption reaction, or the rate of hydrogen gas generation, or both. However, in Ni-MH 
batteries, the MH electrode stays in an activated state after initial activation in consecutive 
charge-discharge cycles. In our tests, this increase in current over time was repeated after 
charge-discharge cycles, which suggests that, if indeed this activation process is the reason 
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for this effect, it is not stable and the MH material returned to its initial state again after 
discharge.  
In the MH Powder 2 electrode, where MH particles were hot pressed onto the Nafion 
membrane, the time taken for achieving the maximum current was decreased, which suggests 
that the rate limiting process may be dependent in some way on the effectiveness of the three 
phase boundary. 
Although in the URFC with the MH-Nafion composite electrode, the electrode was also hot 
pressed onto the Nafion membrane, the pressure used during the hot press was less than the 
pressure used for MH Powder 2 to avoid breaking the brittle electrode. Hence the 
effectiveness of the contact between the Nafion and the M particles may have been lower in 
the case of the composite electrode. In addition, the H+ ions have to move through a more 
tortuous and lower cross-sectional area path within the Nafion medium in the latter case 
before they can come into contact with the M particle. Moreover, the degree of hydration of 
the Nafion medium interspersed between the M particles and its proton conductivity are still 
uncertain at this stage. One or a combination of all these effects may account for the longer 
period of time taken for achieving maximum current for MH-Nafion electrode. This 
maximum current was in any case much lower than that for the MH powder 2 electrodes.  
The limited currents in the E-mode tests of the MH-Nafion electrode suggest that the design 
of the first trial electrode is still far from optimal in achieving its main performance goals. In 
order to maximise the electron conduction into the depth of the electrode, MH particles had to 
be compressed tightly together to ensure so far as possible surface contact between 
neighbouring particles. As shown schematically in Figure 80, this decreases the volume 
available for the interspersed Nafion medium, and increases the tortuosity of proton transport 
in it to the M particles with which the protons are meant to react. Ideally, a continuous 
medium into the bulk of the electrode is required to increase the rate of hydrogen absorption.   
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Figure 80: Schematic structure of A: MH-Nafion electrode and B: Ideal MH-Nafion electrode 
In addition, since the solid Nafion medium was formed by a somewhat different production 
process to that of a pure Nafion membrane, and its degree of hydration within the composite 
electrode is at this stage uncertain, the overall level of its proton conductivity may have been 
low. Unfortunately, there has not been time within the present project to measure the proton 
conductivity of the composite electrode en situ under varying levels of hydration, so further 
research will be necessary to investigate why the maximum electrochemical current achieved 
with the composite electrode was so low, and what may be done in practice to increase this 
current and hence improve the overall performance of such an electrode.  
Another possible explanation for lower currents in E-mode of the MH-Nafion electrode is 
that the process of hydrogen absorption in MH material is relatively slow compared to the 
hydrogen gas formation reaction. Since the hydrogen gas formation is not the dominant 
reaction for this electrode, the overall rate of reaction and hence the current would be lower 
compared to the other MH electrodes. 
6.5 FC-mode analysis 
6.5.1 Observations 
In the FC-mode of operation for all the modified URFCs with MH material, some degree of 
independence of power supply from the presence of the external hydrogen gas source was 
observed. Unlike with the normal URFC, even after purging hydrogen gas from the hydrogen 
side, the modified URFCs with the storage electrodes were still capable of producing a 
positive voltage and maintaining a positive current over time when the load was connected.  
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To compare the capacity of the modified URFCs with this possible hydrogen absorption in 
the MH material in E-mode, the capacity in FC-mode was calculated according to the 
following formulae. 
By integrating current over time in FC-mode, first the discharge capacity of the cells was 
estimated: 
𝑄𝐹𝐶−𝑚𝑜𝑑𝑒 = ∫ 𝐼 𝑑𝑡                           Eq. 41 
where I is current (A) and Q is the electric charge (C). As discussed in Section 6.2, the 
discharge capacity of the cell in FC-mode would be expected to be provided by the initial 
charge stored in the cell as a capacitor, and also faradaic reduction of stored hydrogen. 
𝑄𝐹𝐶−𝑚𝑜𝑑𝑒 = 𝑄𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 + 𝑄𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟                        Eq. 42 
𝑄𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 = 𝑄𝐹𝐶 − 𝑄𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟                         Eq. 43 
𝑄𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 = 𝐶𝑉0                           Eq. 44 
The values of C and V0 as calculated earlier and provided in Table 10 will be used to estimate 
the charge provided by the stored hydrogen. 
By dividing Q by the charge of a single electron, it is possible to calculate the number of 
electrons exchanged in the discharge process. As each hydrogen molecule has two electrons, 
by dividing this number by two, the number of equivalent molecules of hydrogen can be 
calculated: 
𝑁𝐻2 = 𝑄2 𝑒                            Eq. 45 
where NH2 is the number of hydrogen molecules and e is the elementary charge 
(1.602176565×10−19 C). 
To find the amount of hydrogen in moles, this number is divided by Avogadro’s number: 
𝑛𝐻2 = 𝑁𝐻2𝑁𝐴                             Eq. 46 
𝑁𝐴 = 6.02214179 × 1023 𝑚𝑜𝑙−1                         Eq. 47 
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The molar volume of an ideal gas at atmospheric pressure and 25°C is: 
𝑉 = 𝑅𝑇
𝑃
= 8.314 4621 �𝐽 𝑚𝑜𝑙−1 𝐾−1�×298 [𝐾]
101325 𝑃𝑎 = 24.4 × 10−3 𝑚3𝑚𝑜𝑙                      Eq. 48 
Hence the volume of hydrogen is: 
𝑉𝐻2 = 𝑛𝐻2 × 24.4 × 10−3𝑚3                          Eq. 49 
For a better understanding of the magnitude of the charge stored by capacitance effect, an 
equivalent for this charge (Qcapacitor) in terms of hydrogen gas was also calculated. 
The summary of these calculations for URFCs in FC-mode (without any external hydrogen 
gas source) is provided in Table 14. This table also shows the open circuit voltage of the cells 
after discharge. 
Table 14: Equivalent hydrogen gas capacity in FC-mode 
Cell Test cycle Total equivalent 
H2 capacity in 
FC-Mode (cm3) 
Equivalent H2 
amount of 
capacitance 
charge (cm3) 
Hydrogen 
stored in 
electrode 
(cm3) 
Open cell 
voltage after 
discharge (V) 
Normal 
URFC 
1 - - - 0 
MH-
NiMesh 
1 0.2 - 0.2  0.7 
MH 
Powder 
1 
1 4.3 0.12 4.18 0.6 
2 4.1 0.12 3.89 0.6 
3 (with water on 
hydrogen side) 
4.6 0.12 4.48 0.6 
MH 
Powder 
2 
2 0.7 0.004 0.696 0.85 
MH-
Nafion 
2 0.5 0.004 0.496 0.7 
3 0.5 0.004 0.496 0.6 
 
The calculations show that the contribution of the charge coming from capacitance effect to 
the total discharge capacity of the cell is less than 3% for MH Powder 1 and less than 0.8% 
for MH Powder 2 and MH-Nafion. 
Another possibility was that the discharge capacity in FC mode is provided by the hydrogen 
gas still remaining in the cell from E-mode. However, the volume of the hydrogen that would 
be needed in FC-mode is considerably more than the total volume of the MH electrode (4 cm3 
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compared with 1.8 cm3), and the pore volume in the electrode between the M particles (and 
any Nafion) would be very much less again than the total volume. Also in the third FC-mode 
test of MH Powder 1, the hydrogen side was filled with water, which eliminates the 
opportunity for hydrogen gas accumulation in the voids, and yet the discharge capacity 
remained the same. For all these reasons, it would appear unlikely that residual hydrogen gas 
in the electrode after purging was the source of the hydrogen required to account for the in 
discharge currents that took place in FC mode.  
Although the MH-Nafion electrode had the highest hydrogen absorption in E-mode, its FC-
mode performance was not as good as the other cells, which means that the absorption 
process for this electrode is not fully reversible (0.5 cm3 discharged compared to 40 cm3 
stored). Further work will thus be necessary to investigate the barriers to discharge in FC 
mode and find ways to overcome these barriers. 
The MH Powder 2 also showed a limited reversibility as the discharge capacity was only 0.7 
cm3 of hydrogen equivalent compared to an absorption of 10 cm3. 
For MH-NiMesh, although no signs of hydrogen storage could be detected in E-mode, it 
showed a limited discharge capacity equivalent of 0.2 cm3 hydrogen in FC-mode. 
MH Powder 1 showed a high degree of reversibility and the highest discharge capacity in FC-
mode. The calculated capacity in FC-mode also suggests that filling the hydrogen side with 
water improves the FC-mode operation, though it decreased the performance in E-mode. 
Table 15 presents an overview of the hydrogen storage and discharge capacity of these 
electrodes in both E-mode and FC-mode in terms of the mass and volume of hydrogen. 
The maximum storage capacity achieved was 0.62% for the MH-Nafion electrode. The 
maximum discharge capacity was not for the same electrode, but rather 0.065% for MH 
Powder 1 electrode. The latter figure is not that high compared to the reversible storage 
capacity of the AB5 material (1.3%) measured in gaseous absorption and desorption 
experiments. 
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Table 15: Hydrogen storage and discharge capacity of the MH electrodes  
Electrode MH-NiMesh MH Powder 1 MH Powder 2 MH-Nafion 
E-mode hydrogen storage capacity 
(cm3) 0 5 10 42 
FC-mode hydrogen discharge capacity 
(cm3) 0.2 4.6 0.7 0.5 
E-mode hydrogen storage capacity 
(mg) 0 0.449 0.898 3.77 
FC-mode hydrogen discharge capacity 
(mg) 0.018 0.413 0.063 0.045 
Electrode MH Content (mg) 583 633 612 609 
Storage capacity (H/M) 
0.000% 0.071% 0.147% 0.619% 
Discharge capacity (H/M) 
0.003% 0.065% 0.010% 0.007% 
 
The charge level achieved with the MH-Nafion electrode, our most promising candidate, is 
quite promising practically for working under atmospheric pressure. The main remaining 
challenge of course is to achieve much greater reversibility of the charge-discharge reactions, 
and hence get a much higher level of discharge from the electrode in FC-mode. 
6.5.2 Tentative hypotheses 
In FC-mode, the MH-NiMesh electrode showed some discharge capacity in spite of no 
recorded signs of hydrogen absorption in E-mode, and as discussed, the share of charge 
coming from capacitance effect is less than 3%. This suggests some limited hydrogen 
absorption in this electrode, at least on the surface of the electrode, which could then be used 
in the FC-mode. 
In the MH Powder 1 electrode, although the hydrogen absorption was not as high as for the 
MH Powder 2 and MH-Nafion electrodes (5 cm3 compared to 10 and 40 cm3 respectively), it 
showed good reversibility in FC-mode. On the other hand, MH Powder 2 and MH-Nafion 
were not able to use all of their stored hydrogen in FC-mode to the same extent.  
There are a number of possible explanations of this lack of reversibility in hydrogen charge-
discharge process. 
The first possible explanation is associated with energy potential barriers of forward and 
reverse reactions. The forward reaction, that is, M+H++e-→MH, is clearly energetically 
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favoured since the MH is in a lower energy state than the initial reactants and the reaction 
overall is exothermic, but the reverse reaction requires breaking of the MH bond, which will 
require some sort of activation energy to make happen. 
In FC-mode of operation of MH-Nafion, some heating (albeit limited) was tried to provide 
this energy; nevertheless, in this particular case it was not enough to improve the discharge 
performance. 
It should also be noted that in E-mode the applied potential was over 2 V (which is relatively 
high compared to a normal URFC) to get the maximum current and hence charge rate, but in 
FC-mode the cell voltage was only 0.6-0.8 V. Hence, the potential difference between the 
Nafion and M particles would be much higher in E-mode than in FC-mode, thus encouraging 
the MH formation (or H2 formation) reactions much more than the reverse MH 
decomposition reaction. A relatively low proton conductivity of the Nafion medium in the 
composite electrode would also lead to a lower potential difference across the Nafion-M 
particle interfaces, and thus reduce the rate of the MH → M + H+ + e- reaction. 
In addition, at this stage of the research there is not much known about the reactions and the 
nature of chemical bonds involved at the interface of the MH material and Nafion. Further 
study of these chemical bonds and their probable changing nature from E-mode to FC-mode 
is thus clearly recommended for better understanding of the differences between E-mode and 
FC-mode. 
6.6 A modified design for the MH-Nafion electrode 
Though the MH-Nafion electrode did not have the best discharge capacity, this electrode had 
the highest storage capacity in E-mode, and would appear to be the best candidate for future 
development if the reversibility issue can be addressed. Therefore, on the basis of the above 
discussions, a number of modifications to the composite MH-Nafion electrode and overall 
URFC with an integrated storage electrode may be considered in future research work with 
the aim of substantially improving its reversible hydrogen storage performance. These 
modifications include: 
• varying the relative quantities of Nafion and metal powder used when fabricating the 
composite membrane to investigate which relative masses give the best performance 
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• varying the size of the metal particles to see how this affected the formation of a dual-
conductive MH-Nafion electrode 
• trying different types of MH material 
• redesigning the URFC so that there is a pathway for excess water to be removed from 
the storage electrode, and thus possibly gaining the capability of varying the level of 
hydration of the Nafion medium within the composite MH-Nafion electrode 
• mixing with the metal powder an electron-conducting material with a fibre or tubular 
structure to provide electron conduction pathways between the metal particles without 
having the apply so much pressure to the slurry of Nafion and MH material during the 
fabrication of the electrode 
• including some ‘straighter’ larger cross-section Nafion channels within the electrode, 
over and above the somewhat tortuous Nafion channels formed in the spaces between 
the particles 
A new design for a composite MH-Nafion electrode incorporating some of these 
modifications is now suggested in outline here. This proposed design is shown schematically 
in Figure 81. 
 
Figure 81: Proposed new design for composite electrode with smaller particle size and 
conductive straps to allow formation of Nafion channels 
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As mentioned in section 6.4.2 (Figure 80), the need for having electron conduction through 
the thickness off the electrode may be a limiting factor for having continuous pathways for 
protons to diffuse into the bulk of the electrode and increase the rate of hydrogen absorption. 
As shown schematically in Figure 81, possible solutions for this issue and also some other 
improvement are suggested in this design. 
The MH powder particles are relatively large when compared to the catalyst particles used in 
normal URFCs (50µm compared to 10 nm). In this design, grinding of the MH material to 
obtain smaller particles is recommended. Smaller particles increase the active surface of the 
material and increase the rate of reactions. Smaller particles on the other hand increase the 
chance of oxide layer formation; hence experimental tests for determination of optimum 
particle size are required. 
To address the dilemma of concurrent conduction of electrons and protons in the bulk of the 
electrode, introduction of an additional material with a fibre-like or tubular structure is 
suggested to provide electron conductive pathways between the MH particles. These 
additional electron-conductive pathways eliminate the need for so much compression of the 
MH material to maximise contact between neighbouring particles, and simultaneously allow 
formation of a more continuous Nafion medium within the depth of the electrode.  
The fibre-like pathways might be provided by using Carbon Nano Tubes (CNT), or simply 
very thin metallic wires, or any other electron conductive wires, as long as the MH particles 
can be efficiently connected to them, and the metal used does not catalyse hydrogen gas 
evolution.  
These are the hypothetical advantages of this design, which will need to be tested in practice 
along with other recommended approaches especially measuring the proton conductivity of 
the electrode and study of the possible chemical reaction of MH material and Nafion.  
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7. Conclusions and recommendations 
7.1 Overview 
In this chapter the research questions set for this thesis will be addressed based on all the 
experimental work and theoretical analysis conducted in the research project (section 7.2). A 
summary of the other main findings from the research conducted is given in section 7.3. 
Recommendations for further study and the future development of the novel concept of 
proton flow battery are made in section 7.4. 
7.2 Response to research questions 
7.2.1 Is the concept of a PEM URFC with an integrated MH storage electrode 
technically feasible? 
To investigate the technical feasibility of the proton flow battery − that is, a PEM URFC with 
integrated MH electrode − four electrodes with different structures but made of the same MH 
material, an AB5 alloy, were designed and fabricated: 
1. The MH-NiMesh electrode: a mixture of the MH material and PTFE binder cold 
pressed onto a nickel substrate 
2. The MH Powder 1 electrode: the MH powder cold pressed (with no binder) onto the 
Nafion membrane 
3. The MH Powder 2 electrode: the MH powder hot pressed (with no binder) onto the 
Nafion membrane 
4. The MH-Nafion composite electrode: a mixture of MH powder and Nafion solution 
formed into a solid composite, and then hot pressed onto the Nafion membrane. 
Each of these electrodes was integrated into a modified URFC and was tested in both 
operational modes: E-mode and FC-mode. The test results were used to determine if 
hydrogen was absorbed in E-mode of operation into the MH electrode, and if the electrical 
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discharge capacity of the cells in FC-mode could be related to the hydrogen stored in the 
electrode. 
The MH-Nafion electrode had the best performance in E-mode with an estimated hydrogen 
storage capacity of 0.62 wt% H/M. The maximum hydrogen storage capacity of the MH 
material used was around 1.3 wt% H/M, which shows the first trial of this new composite 
electrode did achieve a reasonable hydrogen storage capacity at ambient pressure and 
temperature. The hydrogen storage capacities for the MH Powder 2 and MH Powder 1 
electrodes in E-mode were 0.15% and 0.07% respectively, so that some storage capacity was 
demonstrated, albeit limited in magnitude. The MH-NiMesh electrode did not show any signs 
of hydrogen storage in E-mode. 
All of the cells with integrated MH-material were capable of being discharged in FC-mode 
without the need for an external hydrogen gas source. Even after discharging for hours, 
unlike a normal URFC, the cells were still capable of generating an electromotive force 
(EMF); or to put it simply, producing a positive open-circuit voltage without presence of any 
external hydrogen gas source.  
Mathematical analysis based on the experimental voltage-current curves after stepwise 
voltage changes showed that the contribution of protons stored by the double-layer 
capacitance effect to the discharge capacity the cells was negligible. This analysis made it 
possible to relate the discharge capacity of the cells to the hydrogen stored in the MH 
electrode.  
However, only one of the cells, the one with the MH Powder 1 electrode, was able to use all 
of the hydrogen stored in the MH electrode in FC-mode. This cell had the best discharge 
capacity, with an equivalent hydrogen storage capacity of 0.065 wt%, which was almost the 
same as its storage capacity of 0.07 wt% in E-mode. Hence this electrode showed a high level 
of reversibility. The discharge capacities for the MH Powder 2 and MH-Nafion electrodes 
were 0.01 wt% and 0.007 wt% respectively, which were very low compared to that for the 
MH Powder 1 electrode, and also much lower than their own storage capacity in E-mode 
(0.15 and 0.62 wt% respectively). These results show that, although these electrodes have 
better hydrogen storage performance in E-mode, they were nowhere near fully reversible in 
their present forms. 
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These results provide initial confirmatory evidence that the concept of a PEM URFC with an 
integrated MH storage electrode is technically feasible, though a great deal of additional 
research is still required to improve the performance of the experimental cells investigated in 
this project in terms of storage capacity and reversibility. 
7.2.2 What is the optimal physical form in such a system of the interface between 
membrane and alloy to allow passage of hydrogen ions and prevent water transport? 
The issue of water transport from oxygen side of the URFC into the MH electrode on 
hydrogen side in E-mode was considered as a potential problem in the beginning of this 
project. During the course of the studies, however, it was found that water movement into 
electrode cannot be suppressed with the four preliminary designs trialled in this project. 
Protons are transported attached to water molecules in the form of hydronium ions (or ions of 
higher coordination number, that is, more than one water molecule per proton) through the 
Nafion membrane and into the storage electrode, rather than as individual protons. 
For the URFC with MH-NiMesh electrode, where the electrode was cold pressed over the 
Nafion membrane, hydrogen gas generation and water transport in E-mode were observed. 
These effects also occurred with the MH Powder 1 electrode where the MH powder was cold 
pressed over the Nafion membrane. 
In the URFC with the MH Powder 2 electrode, where the powder was hot pressed over the 
Nafion membrane, the rates of hydrogen gas generation and water transport were less than 
the MH-NiMesh and MH Powder 1 electrodes, 17% and 8% less respectively. This hot 
pressing also improved the hydrogen absorption capacity of this electrode, which suggests 
hot pressing improves the direct passage of the hydrogen ions into the MH electrode and 
decreases the hydrogen gas generation and water transport. However, it was not enough to 
stop the water transport totally. 
In the URFC with the MH-Nafion electrode, where the voids inside the MH powder were 
almost completely filled by Nafion and the electrode was hot pressed onto the membrane, the 
storage electrode had the best performance in terms of direct absorption of hydrogen ions 
without generating a lot of hydrogen gas and also at the same time decreased the water 
transport. Nevertheless, this design also was not able to completely stop the transport of 
water. 
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Although during the course of this study it was found that the presence of water in the storage 
electrodes of the particular experimental cells tested did not affect performance significantly, 
the MH-Nafion electrode design and hot pressing of the electrode over Nafion membrane are 
recommended for decreasing the rate of water transport and improving the direct hydrogen 
ions ingress into the hydrogen storage electrode. 
 
7.2.3 How do the mass and volumetric energy densities and round-trip energy efficiency 
of a hydrogen storage system of this kind compare with those of conventional MH 
storages, and NiMH batteries? 
The highest storage capacity gained in E-mode was 0.62 wt% H/M for the MH-Nafion 
electrode, which is half of the hydrogen storage capacity of this hydride when used in 
conventional hydrogen gas storage systems or NiMH batteries. It should be noted that this 
capacity was achieved after more than 24 hours of running the experiment in E-mode and 
may not represent the maximum achievable capacity for such electrode. However, this is a 
relatively high storage capacity considering that the cell was not pressurised and was working 
under atmospheric pressure and ambient temperature. 
In spite of the relatively high level of hydrogen absorption in E-mode of this cell, not all of 
the stored hydrogen could be used reversibly in FC-mode: while the storage capacity was 
0.62 wt% in E-mode, it was effectively only 0.007 wt% in the FC-mode discharge. The 
maximum reversible capacity out of all the electrodes tested in this project was 0.065% H/M, 
for the MH Powder 1 electrode, which was still very low compared to the 1.3 wt% H/M for 
the hydride used when charged under pressure with hydrogen gas. However, it should be 
noted that to charge to 1.3 wt% in a reasonable time, higher gas pressures of 5 – 10 bar are 
needed, even though the plateau pressure at ambient temp is only 1.5 bar. 
The rate of water electrolysis in the cells with a MH electrode was also lower than that in a 
normal URFC, and hence so was the rate of hydrogen absorption. The 0.62% H/M storage in 
E-mode took more than 24 hours to take place while being charged at around 2 V, which is a 
relatively high voltage compared to Ni-MH batteries with charge voltages of 1.4-1.6 V. In 
addition, the cells showed high internal resistance in FC-mode and their generated currents 
and voltages were relatively low compared to a normal URFC. This suggests the efficiency of 
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these first cell and electrode designs at this stage are not comparable with conventional 
systems. 
Nevertheless, this is not a conclusive answer to this question and only reflects the hydrogen 
storage capacity of the preliminary designs tested in this project. The limitations of the 
current design include the irreversibility issue in FC-mode and the charge rate in E-mode, 
both of which clearly need improvement. New designs in future may get to higher reversible 
energy densities and higher absorption rates. Hence further research will be needed to see if 
truly competitive hydrogen storage capacities and roundtrip energy efficiencies can be 
achieved with the proton flow battery concept. 
7.3.4 What are the potential advantages and disadvantages of this system compared 
with conventional methods of production and storage of hydrogen? 
At this stage, the efficiency of the system is not as high as conventional systems. However, 
the experimental results in this project have provided some evidence that the  this concept is 
technically feasible, and that there are good prospects for improving performance in the 
future based on the finding of this study. 
The potential advantages of this system, if its full potential can be attained through future 
development, are now summarised. 
The proton flow battery system eliminates the intermediate steps of hydrogen gas generation 
and external storage compared to conventional hydrogen gas storage systems, and the reverse 
steps in fuel cell mode of getting the hydrogen gas out of the storage, reducing its pressure, 
splitting hydrogen molecules into atoms and then H+ ions and electrons.  Hence it has the 
potential for an overall higher round-trip efficiency, comparable with the best battery types 
such as lithium ion. 
This system has the advantage of a battery as the primary store is a solid electrode directly in 
contact with the electrolyte, but retains the advantage of producing hydrogen by electrolysis 
from feed water. Production of protons for storage can continue as long as water is being 
supplied, and the protons produced can be accommodated in the storage electrode. This flow 
nature of the charge process, and the sole reliance on protons as the ion transfer species, are 
the reasons we have termed the system a proton flow battery. 
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The capacity of the system can be increased by simply just increasing the amount of storage 
material on the hydrogen side of the cell without the need for increasing the size of the 
membrane or oxygen electrode. The rate of charge and discharge will however be less than a 
cell with larger oxygen electrode, but still increasing the size of the oxygen electrode is not 
necessary as it is in a normal battery for achieving higher capacities. This allows this system 
to achieve higher energy densities compared to conventional batteries. 
By directly injecting protons into a solid-state storage electrode it may be possible to attain 
much higher levels of hydrogen storage than are possible at the same prevailing pressure (that 
is, ambient) if gaseous hydrogen injection were employed. 
However, these must be regarded as preliminary findings and much further work is needed to 
realise the full potential of the concept. 
7.4 Recommendations 
It is recommended that future work on this concept focus on the MH-Nafion composite 
electrode design, as it showed a reasonable storage capacity of 0.62 wt% H/M in E-mode, 
much higher than that given by the other designs tested. Although the discharge capacity of 
this electrode was not as high as the other ones, there is potential for increasing its discharge 
capacity in FC-mode substantially. 
The following specific procedures and methods are recommended for the further 
development of the composite MH-Nafion electrode: 
• Hot pressing the electrode over the Nafion membrane 
• Varying the relative quantities of Nafion and metal powder used when fabricating the 
composite membrane to investigate which relative masses give the best performance 
• Varying the size of the metal particles to see how this affects the formation of a dual-
conductive MH-Nafion electrode 
• Trying different types of MH material to the particular AB5 alloy used in the trial 
electrodes in the present study 
• Redesigning the URFC so that there is a pathway for excess water to be removed 
from the storage electrode, and thus possibly gaining the capability of varying the 
level of hydration of the Nafion medium within the composite MH-Nafion electrode 
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• Mixing with the metal powder an electron-conducting material with a fibre or tubular 
structure to provide electron conduction pathways between the metal particles without 
having to apply so much pressure to the slurry of Nafion and MH material during the 
fabrication of the electrode 
• Including some ‘straighter’ larger cross-section Nafion channels within the electrode, 
over and above the somewhat tortuous Nafion channels formed in the spaces between 
the particles in the first MH-Nafion electrode fabricated in this project. 
• Redesigning the storage electrode to incorporate the former two structural changes 
• Measuring the proton conductivity of the electrode at different water concentrations 
using different methods like cyclic voltammetry and AC impedance spectroscopy 
• Studying  the morphology of, and physical and chemical reactions taking place on, the 
interfaces between the M particles and Nafion, to see if the limiting factors for the 
hydrogen charging and discharging processes can be overcome.  
• Studying the possibility and level of contribution of other cations on hydrogen side 
(like nickel) in electromotive force generation. 
• Using palladium particles or palladium coating of MH particles. Palladium is known 
to have good hydrogen storage characteristics and, compared to MH material, the 
chances of forming strong chemical bonds with Nafion are less as it is a noble metal. 
For better understanding of the possible effect of chemical bonds on performance of 
MH-Nafion electrode, using palladium particles instead of MH, or coating of MH 
material with palladium is recommended. 
 
In addition, it is proposed that research be conducted into designing, fabricating, and 
measuring the performance of hydrogen storage electrodes for integration into URFCs 
made from materials different to metal hydrides, mixed with Nafion to form a composite 
electrode. In particular it is recommended that the focus be on carbon-based materials for 
this purpose, such as activated, porous carbons, carbon nanotubes, and novel graphene 
based materials. 
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Appendix 
The time domain response of the URFC’s equivalent electrical circuit is calculated as 
follows: 
R1 C
V (t)
R2
i (t)
iR2(t)
iC(t)
 
URFC’s equivalent electrical circuit 
In this circuit, V(t) is the known input voltage; R1, R2, and C are constant; and the capacitor 
has initial charge at t=0 with voltage of VC(0). We are interested in finding the current as a 
function of time, that is i(t). 
We start the analysis by applying Kirchhoff’s voltage law; the input voltage must be equal to 
the voltage drop over the R1 resistor, plus the voltage of the capacitor. This can be expressed 
mathematically as: 
𝑉(𝑡) = 𝑉𝑅1(𝑡) + 𝑉𝐶(𝑡) 
𝑉𝑅1(𝑡) = 𝑖(𝑡) 𝑅1 
𝑉𝐶(𝑡) = 1𝐶� 𝑖𝑐(𝑡)𝑑𝑡𝑡
𝑜
+ 𝑉𝑐(0) 
By applying Kirchhoff’s current law we have: 
𝑖(𝑡) = 𝑖𝐶(𝑡) + 𝑖𝑅2(𝑡) 
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Capacitor and R2 have the same voltage as they are parallel: 
𝑉𝑅2(𝑡) = 𝑉𝐶(𝑡) 
And hence: 
𝑖𝑅2(𝑡) = 𝑉𝑅2(𝑡)𝑅2 = 𝑉𝐶(𝑡)𝑅2  
By substitution we have: 
𝑉(𝑡) = 𝑅1 𝑖𝐶(𝑡) + (𝑅1 + 𝑅2𝑅2 )𝑉𝐶(𝑡) 
𝑉(𝑡) = 𝑅1 𝑖𝐶(𝑡) + 𝑅1 + 𝑅2𝑅2 𝐶 � 𝑖𝑐(𝑡)𝑑𝑡𝑡
𝑜
+ 𝑅1 + 𝑅2
𝑅2 𝑉𝐶(0) 
𝑉𝐶(0) = 𝑅2𝑅1 + 𝑅2𝑉(0) 
𝑉(𝑡) = 𝑅1 𝑖𝐶(𝑡) + 𝑅1 + 𝑅2𝑅2 𝐶 � 𝑖𝑐(𝑡)𝑑𝑡𝑡
𝑜
+ 𝑉(0) 
Considering V(t) a step function with final value of V1, and by solving this differential 
equation we can calculate ic(t): 
𝑖𝐶(𝑡) = (𝑉1 − 𝑉0)𝑅1 𝑒−𝑡(𝑅1+𝑅2)𝑅1𝑅2𝐶  
And 
𝑉𝐶(𝑡) = 1𝐶� 𝑖𝑐(𝑡)𝑑𝑡𝑡
𝑜
+ 𝑉𝑐(0) = −(𝑉1 − 𝑉0)𝑅2 𝐶𝑅1 + 𝑅2 �𝑒−𝑡(𝑅1+𝑅2)𝑅1𝑅2𝐶 − 1� 
𝑖(𝑡) = 𝑖𝐶(𝑡) + 𝑖𝑅2(𝑡) = 𝑖𝐶(𝑡) + 𝑉𝐶(𝑡)𝑅2 = [𝑉1 − 𝑉0] � 1𝑅1 − 1𝑅1 + 𝑅2� 𝑒−(𝑅1+𝑅2)𝑡𝑅1𝑅2𝐶 + 𝑉1𝑅1 + 𝑅2 
